
 

 
 

 

 

 

 
 

 

 

Final Report 

 

A35 ï Identify Wake Turbulence and 

Flutter Testing Requirements for UAS 

 
 

 

 
 

 

 

 

 

 

 

 

 

17 April  2023 
 



i 

 

NOTICE  

This document is disseminated under the sponsorship of the U.S. Department of Transportation in 

the interest of information exchange. The U.S. Government assumes no liability for the contents 

or use thereof. The U.S. Government does not endorse products or manufacturers. Trade or 

manufacturersô names appear herein solely because they are considered essential to the objective 

of this report. The findings and conclusions in this report are those of the author(s) and do not 

necessarily represent the views of the funding agency. This document does not constitute Federal 

Aviation Administration (FAA) policy. Consult the FAA sponsoring organization listed on the 

Technical Documentation page as to its use. 

  



ii  

 

LEGAL DISCLAIMER  

The information provided herein may include content supplied by third parties. Although the data 

and information contained herein has been produced or processed from sources believed to be 

reliable, the Federal Aviation Administration makes no warranty, expressed or implied, regarding 

the accuracy, adequacy, completeness, legality, reliability or usefulness of any information, 

conclusions or recommendations provided herein. Distribution of the information contained herein 

does not constitute an endorsement or warranty of the data or information provided herein by the 

Federal Aviation Administration or the U.S. Department of Transportation. Neither the Federal 

Aviation Administration nor the U.S. Department of Transportation shall be held liable for any 

improper or incorrect use of the information contained herein and assumes no responsibility for 

anyoneôs use of the information. The Federal Aviation Administration and U.S. Department of 

Transportation shall not be liable for any claim for any loss, harm, or other damages arising from 

access to or use of data or information, including without limitation any direct, indirect, incidental, 

exemplary, special or consequential damages, even if advised of the possibility of such damages. 

The Federal Aviation Administration shall not be liable to anyone for any decision made or action 

taken, or not taken, in reliance on the information contained herein. 

  



iii  

 

TECHNICAL REPORT DOCUMENTATION PAGE  

1. Report No. 

 A11L-UAS-1875.UAS075 

2. Government Accession No. 3. Recipientôs Catalog No. 

4. Title and Subtitle 

Final Report:  A35 - Identify Wake Turbulence and Flutter Testing Requirements for 

UAS 

5. Report Date 

17 March 2023 

6. Performing Organization Code  

7. Author(s) 

Mark S Ewing, PhD, University of Kansas, https://orcid.org/0000-0001-5982-6219 

Zhi J Wang, PhD, University of Kansas, https://orcid.org/0000-0002-6203-6303 

Shawn Keshmiri, PhD, University of Kansas, https://orcid.org/0000-0002-7371-1255 

Haiyang Chao, PhD, University of Kansas, https://orcid.org/0000-0001-5883-8138 

ZhongQuan Charlie Zheng, PhD, Utah State University 

Matthew McCrink, PhD, Ohio State University, https://orcid.org/0000-0003-2212-2132 

Dhuree Seth, PhD, Ohio State University, https://orcid.org/0000-0001-7759-6453 

Rohith Giridhar, PhD, University of Kansas, https://orcid.org/0000-0002-0156-0611 

Salman K. Rahmani, University of Kansas, salmanr@ku.edu 

Mozammal Chowdhury, University of Kansas, mmhc@ku.edu 

Aaron McKinnis, University of Kansas, amckinnis@ku.edu 

Jeffrey Xu, University of Kansas, jeffreyxu@ku.edu 

Hady Benyamen, University of Kansas, hady@ku.edu 

Justin Matt, University of Kansas, jmatt1998@ku.edu 

Zhenghao Lin, University of Kansas, lin.zhenghao@ku.edu 

Mosarruf Hossain Shawon, University of Kansas, mosarruf@ku.edu  

Ross Heidersbach, Ohio State University, heidersbach.2@buckeyemail.osu.edu 

8. Performing Organization Report 

No.  

 

9. Performing Organization Name and Address 

University of Kansas:  

1450 Jayhawk Blvd.  

Lawrence, KS 66045-7535  

Ohio State University:  

281 W Lane Ave, 

Columbus OH 43210 

10. Work Unit No. 

 

11. Contract or Grant No. 

15-C-UAS-KU-05  

12. Sponsoring Agency Name and Address 

Federal Aviation Administration 

Washington, DC 20591 

13. Type of Report and Period Covered 

Final Report (11 Aug 2020-17 Apr 2023) 

14. Sponsoring Agency Code 

5401 

15. Supplementary Notes 

16. Abstract 

There are two studies reported here.  The first is to identify the severity of a wake vortex encounter for an Unmanned Aircraft System 

(UAS).  The purpose is to assist the FAA in formulating a risk analysis.  Both mathematical simulations and flight tests are used to 

replicate wake encounters.  Metrics to establish conditions leading to loss of control are proposed.  Flight tests of UAS through real 

wake vortices are recommended.  A process for mitigation of threat of loss of control via separation is proposed.  The other study is 

focused on establishing appropriate testing requirements for fixed wing UAS to avoid wing flutter.  The purpose is to assist the FAA 

setting testing requirements.  A flutter flight test vehicle has been designed, built, and flight tested.  

17. Key Words 

Unmanned Aircraft System (UAS), wake vortex, wake vortex 

encounter, simulation, loss of control, correlation of aircraft states 

18. Distribution Statement 

No restrictions. This document is available through the 

National Technical Information Service, Springfield, VA 

22161. 

19. Security Classification (of this report) 

Unclassified 

20. Security Classification (of this page) 

Unclassified 

21. No. of Pages 

195 

22. Price 

 

Form DOT F 1700.7 (8-72) Reproduction of completed page authorized 

 

https://nam10.safelinks.protection.outlook.com/?url=https%3A%2F%2Forcid.org%2F0000-0001-5982-6219&data=05%7C01%7Cmewing%40ku.edu%7Cddaa689282db4f33b78d08dac1d54159%7C3c176536afe643f5b96636feabbe3c1a%7C0%7C0%7C638035418911456977%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000%7C%7C%7C&sdata=dYflns2xr6a1QQowwPa9vSAr2S9%2BH9xQuGvRwgtmeCI%3D&reserved=0
https://orcid.org/0000-0002-6203-6303
https://nam10.safelinks.protection.outlook.com/?url=https%3A%2F%2Forcid.org%2F0000-0001-5883-8138&data=05%7C01%7Cmewing%40ku.edu%7Cddaa689282db4f33b78d08dac1d54159%7C3c176536afe643f5b96636feabbe3c1a%7C0%7C0%7C638035418911456977%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000%7C%7C%7C&sdata=CLHoDrq8C%2FJy6PHKHiDWeOiV7rFwLopTeaIOP%2BGmUGs%3D&reserved=0
https://nam10.safelinks.protection.outlook.com/?url=https%3A%2F%2Forcid.org%2F0000-0002-0156-0611%3Flang%3Den&data=05%7C01%7Crohith.giridhar91%40ku.edu%7C6eabaaf653ad4c71748208dac34c38a3%7C3c176536afe643f5b96636feabbe3c1a%7C0%7C0%7C638037029527632062%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C1000%7C%7C%7C&sdata=EwM0NJDmz7pgX6gCIqre2A7AhA5t0%2B1ILUvLjFkbXMM%3D&reserved=0
mailto:heidersbach.2@buckeyemail.osu.edu


iv 

 

TABLE OF CONTENTS  

NOTICE ........................................................................................................................................... I 

LEGAL DISCLAIMER .................................................................................................................. II  

TECHNICAL REPORT DOCUMENTATION PAGE ................................................................ III  

LIST OF FIGURES ................................................................................................................... VIII  

LIST OF TABLES ..................................................................................................................... XIV  

LIST OF ACRONYMS ............................................................................................................... XV  

LIST OF SYMBOLS ................................................................................................................ XVII  

EXECUTIVE SUMMARY ....................................................................................................... XIX  

1 INTRODUCTION & BACKGROUND .................................................................................. 1 

 Background ...................................................................................................................... 1 

 Research questions ........................................................................................................... 1 

 Top ïlevel answers to research questions ........................................................................ 2 

 Navigating this document................................................................................................. 2 

2 UAS WAKE ENCOUNTER DESCRIPTION ........................................................................ 3 

 UAS use cases studied...................................................................................................... 3 

 Wake vortex models used to provide air velocity environments for study ...................... 5 

2.2.1 Burnham-Hallock Model .......................................................................................... 5 

2.2.2 Sarpkaya Decay Model ............................................................................................. 5 

 Potential wake hazard zones for UAS operations ............................................................ 6 

 Simulation of wake vortex air velocity environments ................................................... 10 

2.4.1 Wind machines at KU ............................................................................................. 10 

2.4.1.1 Measurement of air velocity field provided .................................................... 12 

2.4.2 Ohio Transportation Research Center (TRC) wind machines ................................ 18 

2.4.2.1 Measurement of wind machine output ............................................................ 18 

2.4.2.2 Ultrasonic anemometer array ........................................................................... 20 

2.4.2.3 Single wind machine characterization ............................................................. 21 

2.4.2.4 Crosswind wind machine array characterization ............................................. 22 

 References ...................................................................................................................... 23 

3 FIXED-WING UAS WAKE ENCOUNTER STUDIES....................................................... 24 

 Simulation of fixed-wing UAS wake encounters ........................................................... 24 

3.1.1 Coupled aerodynamics and flight dynamic simulations with wake hazard predictions

 24 



v 

 

3.1.1.1 Aerodynamic modelling for UAS wake vortex encounters ............................. 24 

3.1.1.2 Fixed-wing UAS considered in this section .................................................... 26 

3.1.1.3 Open loop wake vortex encounter simulation with HawkWakeSim ............... 27 

3.1.1.4 Validation of HawkWakeSim and LWFAM ................................................... 29 

3.1.1.5 UAS wake encounter simulation with an attitude hold controller................... 33 

3.1.1.6 UAS wake hazard metric and wake hazard zone prediction ........................... 41 

3.1.1.7 Improved attitude hold controller design and analysis for UAS wake encounter

 46 

3.1.2 Flight dynamics simulation using non-linear lift curve coefficients ...................... 53 

3.1.2.1 Simulation scenarios ........................................................................................ 53 

3.1.2.2 6 DOF Nonlinear equations of motion ............................................................ 54 

3.1.2.3 Simulation results with a path-following controller ........................................ 56 

3.1.2.4 Estimation of a safe distance for a 90o wake encounter .................................. 58 

3.1.3 Conclusions on modeling and simulation of UAS wake encounters and hazardous 

conditions............................................................................................................................... 61 

 Fully physics-based modeling using CFD for fixed wing UAS..................................... 61 

3.2.1 KHawk-55 UAS, problem description and computational meshes ........................ 63 

3.2.1.1 KHawk-55 UAS configuration ........................................................................ 63 

3.2.1.2 Problem description ......................................................................................... 64 

3.2.1.3 Computational grids ........................................................................................ 64 

3.2.2 Flight test based system identification of UAS dynamics ...................................... 67 

3.2.2.1 Equations of motion......................................................................................... 67 

3.2.2.2 System identification approach ....................................................................... 67 

3.2.3 Low-fidelity numerical method .............................................................................. 67 

3.2.4 High-fidelity numerical methods ............................................................................ 68 

3.2.4.1 Finite Volume Method..................................................................................... 68 

3.2.4.2 FR/CPR Method .............................................................................................. 68 

3.2.5 Results and discussions ........................................................................................... 70 

3.2.5.1 Force and moment coefficients ........................................................................ 71 

3.2.5.2 Stability derivatives ......................................................................................... 75 

3.2.5.3 Flow topology via CFD ................................................................................... 77 

3.2.6 Conclusions for CFD analyses ................................................................................ 80 

 UAS flight testing........................................................................................................... 81 

3.3.1 UAS used for flight testing ..................................................................................... 81 



vi 

 

3.3.2 Flight tests conducted ............................................................................................. 83 

3.3.2.1 Flights to induce loss of control ...................................................................... 83 

3.3.2.2 AeroScout piloted flights over wind machines ................................................ 85 

3.3.2.3 AeroScout autonomous flights over wind machines ....................................... 87 

3.3.2.4 Autonomous SkyHunter flights over wind machines ...................................... 88 

3.3.3 Comparison of flight tests with simulation ............................................................. 90 

3.3.3.1 Flight test results .............................................................................................. 90 

3.3.3.2 Comparison of simulation of SkyHunter wake encounter with flight test data92 

3.3.3.3 Commentary on comparison of simulation and flight test .............................. 95 

3.3.4 Uncertainty analysis:  A case for flight-test validated simulation models .............. 95 

3.3.4.1 Monte Carlo (MC) simulation setup ................................................................ 96 

3.3.4.2 Classification of flight test data ....................................................................... 98 

3.3.4.3 Modelling uncertainty and comparison to flight test data ............................. 100 

3.3.4.4 Conclusions for model uncertainty analysis .................................................. 127 

3.3.4.5 Bottom line for uncertainty analysis .............................................................. 129 

 Correlation-based LoC metrics .................................................................................... 129 

3.4.1 Methodology ......................................................................................................... 130 

3.4.2 Correlation behaviors ............................................................................................ 132 

3.4.3 Correlation-based loss of control prediction from flight test data ........................ 134 

3.4.3.1 Flight tests with intentional stall events and preliminary flights over wind 

machines 134 

3.4.3.2 Final autonomous flights over wind machines .............................................. 147 

3.4.3.3 Loss of control prediction .............................................................................. 148 

3.4.3.4 Conclusions for correlation-based loss of control metrics ............................ 151 

 Safety analysis for UAS ............................................................................................... 152 

3.5.1 Physical/temporal separation ................................................................................ 152 

3.5.2 Loss of control mitigation with robust controllers ................................................ 154 

 References .................................................................................................................... 156 

4 RESPONSE MODELLING FOR MULTIROTOR UAS ................................................... 160 

 Gust encounters considered .......................................................................................... 161 

 Multirotor vehicle design ............................................................................................. 163 

 Flight testing in the gust scenario ................................................................................. 164 

 Loss of control metrics for multirotors ........................................................................ 166 



vii  

 

 References .................................................................................................................... 167 

5 UAS FLUTTER FLIGHT TESTING .................................................................................. 168 

 Introduction to flutter analysis ..................................................................................... 168 

 Design of flutter flight test vehicle ............................................................................... 169 

 References .................................................................................................................... 172 

6 CONCLUSIONS ................................................................................................................. 173 

 

  



viii  

 

LIST  OF FIGURES 

Figure 2-1.  Two UAS encounters with a descending wake vortex pair from an arriving aircraft. 3 

Figure 2-2.   UAS encounter with a wake vortex pairðfrom a departing aircraftðwhich is 

descending and being blown laterally by a cross-wind. ................................................................. 4 

Figure 2-3.  UAS encounter with a wake vortex pair descending below a departing aircraft. ....... 4 

Figure 2-4. Burnham-Hallock model for B747-400 at initial circulation ɜ υφυÍςÓ  [7]. ......... 5 

Figure 2-5. Sarpkaya decaying model prediction for a B737-800. ................................................. 6 

Figure 2-6. Crosswind profile and hypothetical transport aircraft approach trajectory. ................. 7 

Figure 2-7. Wake vortex intensity and location predictions for a hypothetical wake generating 

aircraft. ............................................................................................................................................ 8 

Figure 2-8.  Very conservative no-fly zone for UAS flight below a landing Boeing 737-800. ... 10 

Figure 2-9. KU Wind Machines aligned inline: At left ï side view and top view of velocity 

streamlines, At bottom right ï velocity field at 15 ft above the ground. ...................................... 11 

Figure 2-10. KU Wind Machines aligned side by side: At left ï top view sketches of velocity 

streamlines, At below right ï velocity field at 15 ft above the ground. ........................................ 11 

Figure 2-11. Side view of velocity vector field obtained from 3-D anemometer measurements on 

a plane at 12 feet above the floor (the base of the wind machine). ............................................... 13 

Figure 2-12. Anemometer array positioned horizontally to measure wind machine output. ....... 14 

Figure 2-13. Side view of 16 channel velocity vectors from anemometer array at 11 ft above the 

floor. .............................................................................................................................................. 15 

Figure 2-14. 30-channel TriSonica anemometer array in a vertical orientation. .......................... 15 

Figure 2-15. Two fans side-by-side being characterized, positioned in front of an anemometer 

array. ............................................................................................................................................. 16 

Figure 2-16. Quiver plot of the velocity field 6 feet in front of the diverting ramp for one fan. .. 17 

Figure 2-17. Projection of total velocity measurements onto the vertical plane. ......................... 17 

Figure 2-18. Front and rear view of the crosswind fan array at the Skid-Pad Facility located at the 

Transportation Research Center (TRC). ....................................................................................... 18 

Figure 2-19. Ultrasonic anemometer wind tunnel calibration results. .......................................... 20 

Figure 2-20. Components of ultrasonic anemometer station. ....................................................... 21 

Figure 2-21. Ultrasonic anemometer array developed and designed at OSU. .............................. 21 

Figure 2-22. Temporal measurements for a single fan at locations (x, y, z) = (1.52 m, 6.09 m , 2.43 

m) for 10 m/s (32.80 ft/s). ............................................................................................................. 22 

Figure 2-23. Ramp up and ramp down gust profile tested at TRC and wind measurements obtained 

from the test. ................................................................................................................................. 23 

Figure 3-1. UAS geometry and modeling. .................................................................................... 26 

Figure 3-2. UAS mesh elements and collocation points(green) in Tornado................................. 27 

Figure 3-3. System diagram for HawkWakeSim v2.1-VLM.  ....................................................... 28 

Figure 3-4. System diagram for HawkWakeSim V2.1-LWFAM. ................................................ 29 

Figure 3-5. Comparison between HawkWakeSim v2.1-VLM and flight data for an elevator 

doublet........................................................................................................................................... 30 

Figure 3-6. Comparison between VLM and linear approximation for perpendicular wake 

encounters. .................................................................................................................................... 31 

Figure 3-7. Comparison between VLM and linear approximation for Khawk55 parallel wake 

encounter. ...................................................................................................................................... 32 



ix 

 

Figure 3-8. Comparison between VLM and linear approximation for Phastball parallel wake 

encounter. ...................................................................................................................................... 32 

Figure 3-9. 90-degree wake encounter: reconstructed wake positions (o) and flight path in the wake 

axis y/z plane................................................................................................................................. 34 

Figure 3-10. Khawk55 behind Cessna 172 90-degree WVE. ....................................................... 34 

Figure 3-11.Phastball behind Cessna 172 90-degree WVE. ......................................................... 35 

Figure 3-12. Phastball behind Citation 90-degree WVE. ............................................................. 36 

Figure 3-13. Phastball behind Boeing 737-800. ........................................................................... 36 

Figure 3-14. 20-degree Phastball wake encounter: reconstructed wake positions (o) and flight path 

in the plane perpendicular to the wake axis. ................................................................................. 38 

Figure 3-15. 20-degree Phastball wake encounter: flight path in the horizontal plane. ............... 38 

Figure 3-16. Phastball behind Cessna 172 20-degree WVE. ........................................................ 39 

Figure 3-17. Phastball behind Cessna Citation 20-degree WVE. ................................................. 39 

Figure 3-18. Phastball behind Boeing 737-800 20-degree WVE. ................................................ 40 

Figure 3-19. Wake induced roll control ratio for wake circulation of 250 ÍςȾÓ (Phastball UAS 

encountering of Boeing 737-800 wake). ....................................................................................... 44 

Figure 3-20.  Wake induced roll control ratio for wake circulation of 175 ÍςȾÓ (Phastball UAS 

encountering of Boeing 737-800 wake). ....................................................................................... 44 

Figure 3-21. Wake hazard area prediction in strong cross-wind at airport (0, 40 and 80 s). ........ 46 

Figure 3-22. Roll and pitch hold controller structure. .................................................................. 47 

Figure 3-23. Design of disturbance rejection controllers through optimization. .......................... 49 

Figure 3-24. KHawk-55 30Á wake vortex encounter (ũ=100 ÍςȾÓ, b=30 m). ............................ 50 

Figure 3-25. Khawk--55 30Ǔ wake vortex encounter (ũ = 20 ÍςȾÓ, ὦ = 10 m). .......................... 51 

Figure 3-26. KHawk-55 σπʐ wake vortex encounter (ũ=100 ÍςȾÓ, b=30 m). ........................... 52 

Figure 3-27. Khawk-55 σπʐ wake vortex encounter (ũ=20 ÍςȾÓ,  b=10 m). ............................. 52 

Figure 3-28. Simulation scenarios. ............................................................................................... 53 

Figure 3-29. Nonlinear #, versus ɻ graph. ................................................................................... 55 

Figure 3-30. Wake vortex experienced by the i-th wing section tip located at (ØÉȟÙÉ) position 

relative to the leader aircraft. ........................................................................................................ 56 

Figure 3-31. Follower aircraft states in ST1. ................................................................................ 57 

Figure 3-32. Follower aircraft states in ST2. ................................................................................ 57 

Figure 3-33. Follower aircraft states in ST3. ................................................................................ 57 

Figure 3-34. Follower aircraft states in ST4. ................................................................................ 58 

Figure 3-35.  UAS encounters wake generated by leader aircraft at a 90o relative angle (top view).

....................................................................................................................................................... 59 

Figure 3-36.  UAS encounters wake generated by leader aircraft at a 90o relative angle (side view).

....................................................................................................................................................... 59 

Follower aircraft encounters wake generated by leader aircraft at a 90 degrees relative angle.

........................................................................................................ Error! Bookmark not defined.  

Figure 3-37. Isometric view of KHawk-55 UAS platform. .......................................................... 63 

Figure 3-38. 3D panel distribution and collocation points for tornado mesh. .............................. 65 

Figure 3-39. Computational renderings of KHawk55 mesh. ........................................................ 66 

Figure 3-40. Total lift coefficient (CL) at zero- and six-degrees angle of attack. ......................... 72 

Figure 3-41.  Total drag coefficient (CD) comparison at zero- and six degrees angle of attack. .. 73 

https://kansas-my.sharepoint.com/personal/mewing_home_ku_edu/Documents/My%20Documents/research/ASSURE/A35%20wake%20turbulence/final%20report/17%20Feb%20final%20report/A35%20Final%20Report%20v2_LAJ%20Edit%2014%20APR.docx#_Toc132374486
https://kansas-my.sharepoint.com/personal/mewing_home_ku_edu/Documents/My%20Documents/research/ASSURE/A35%20wake%20turbulence/final%20report/17%20Feb%20final%20report/A35%20Final%20Report%20v2_LAJ%20Edit%2014%20APR.docx#_Toc132374486


x 

 

Figure 3-42. Pitching moment coefficient (Cm) comparison at zero and six degrees angle of attack.

....................................................................................................................................................... 74 

Figure 3-43. Comparison of #,ɻ between flight test and computations. ..................................... 75 

Figure 3-44. Comparison of #$ɻ between flight test and comparison. ........................................ 76 

Figure 3-45. Comparison of #Íɻ between flight test and computations. .................................... 76 

Figure 3-46. Time-averaged surface pressure coefficient measured at quarter span location. ..... 78 

Figure 3-47. Isosurfaces of instantaneous Q criterion colored by streamwise velocity for zero angle 

of attack. ........................................................................................................................................ 79 

Figure 3-48. Isosurfaces of instantaneous Q criterion colored by streamwise velocity for six 

degrees angle of attack. ................................................................................................................. 80 

Figure 3-49. The SkyHunter UAS. ............................................................................................... 81 

Figure 3-50. Ranger UAS. ............................................................................................................ 82 

Figure 3-51. AeroScout UAS. ....................................................................................................... 83 

Figure 3-52.  Tufts during stable flight. ........................................................................................ 84 

Figure 3-53.  Tufts during unstable flight. .................................................................................... 84 

Figure 3-54.  SkyHunter flight path in which loss of control was imposed with intentional stall 

events. ........................................................................................................................................... 85 

Figure 3-55.  Flight test ground support around fans:  ground station and two cameras with different 

views. ............................................................................................................................................ 86 

Figure 3-56.  AeroScout upset by fans (fan on left with early air flow deflection ñpaddlesò). .... 86 

Figure 3-57.  Flight path of the AeroScout under pilot command over fans (circled). ................ 87 

Figure 3-58.  Flight path for an AeroScout autonomous flight over fans. .................................... 87 

Figure 3-59.  Schematic of a Head-on Encounter of a UAS with side-by-side wind machines. .. 88 

Figure 3-60.  UAS Headwind Encounter: South fan @ 60%, North @100%, 11 ft above fans, 5 ft 

laterally. ........................................................................................................................................ 89 

Figure 3-61.  UAS Headwind Encounter: South fan @ 60%, North @100%, 11 ft above fans, 3 ft 

laterally. ........................................................................................................................................ 89 

Figure 3-62.  UAS Side Encounter, Both Fans at 100%, 5 ft above fans, 5 ft laterally. .............. 89 

Figure 3-63.  Flight path and altitude history for the SkyHunter. ................................................ 90 

Figure 3-64.   Roll, pitch and yaw rates recorded in the dramatic headwind encounter with the fans.

....................................................................................................................................................... 91 

Figure 3-65.  Control commands recorded in the dramatic headwind encounter with the fans. .. 91 

Figure 3-66.  Roll and pitch angles, both commanded by the guidance algorithm and measured.

....................................................................................................................................................... 92 

Figure 3-67.  Comparison of UAS longitudinal states between simulation and flight test. ......... 93 

Figure 3-68.  Comparison of UAS lateral-directional states between simulation and flight test. 94 

Figure 3-69. Percentage of values within 1ů, 2ů and 3ů bounds for a normal distribution. ........ 98 

Figure 3-70. Classification of flight into different phases. ......................................................... 100 

Figure 3-71. Flight data of straight-line cruise flight portion. .................................................... 102 

Figure 3-72. Comparing MC simulations to flight data for straight-line flight portion: roll rate.

..................................................................................................................................................... 103 

Figure 3-73. Comparing MC simulations to flight data for straight-line flight portion: pitch rate.

..................................................................................................................................................... 104 

Figure 3-74. Comparing MC simulations to flight data for straight-line flight portion: yaw rate.

..................................................................................................................................................... 105 



xi 

 

Figure 3-75. Flight data of level turn flight portion. ................................................................... 106 

Figure 3-76. Comparing MC simulations to flight data for a level turn flight portion: roll rate. 107 

Figure 3-77. Comparing MC simulations to flight data for a level turn flight portion: pitch rate.

..................................................................................................................................................... 108 

Figure 3-78. Comparing MC simulations to flight data for a level turn flight portion: yaw rate.

..................................................................................................................................................... 109 

Figure 3-79. Flight data of ascending flight portion. .................................................................. 110 

Figure 3-80. Comparing MC simulations to flight data for ascending flight: roll rate. .............. 111 

Figure 3-81. Comparing MC simulations to flight data for ascending flight: pitch rate. ........... 112 

Figure 3-82. Comparing MC simulations to flight data for ascending flight: yaw rate. ............. 113 

Figure 3-83. Flight data of descending flight portion. ................................................................ 114 

Figure 3-84. Comparing MC simulations to flight data for descending flight: roll rate. ............ 115 

Figure 3-85. Comparing MC simulations to flight data for descending flight: pitch rate. ......... 116 

Figure 3-86. Comparing MC simulations to flight data for descending flight: yaw rate. ........... 117 

Figure 3-87. Flight data of flight portion entering Loss of Control (LoC). ................................ 118 

Figure 3-88. Comparing MC simulations to flight data for flight entering LoC: roll rate. ........ 119 

Figure 3-89. Comparing MC simulations to flight data for flight entering LoC: pitch rate. ...... 120 

Figure 3-90. Comparing MC simulations to flight data for flight entering LoC: yaw rate. ....... 121 

Figure 3-91. Flight data of attempted stall flight portion............................................................ 123 

Figure 3-92. Comparing MC simulations to flight data for attempted stall: roll rate. ................ 124 

Figure 3-93. Comparing MC simulations to flight data for attempted stall: pitch rate. ............. 125 

Figure 3-94. Comparing MC simulations to flight data for attempted stall: yaw rate. ............... 126 

Figure 3-95. Interpretation of relationships strength via correlation coefficient. ....................... 131 

Figure 3-96. Visualization of a local correlation coefficient. ..................................................... 131 

Figure 3-97. Breakdown of a strong relationship into the temporary adverse control region. ... 133 

Figure 3-98. Strengthening of a weak relationship. .................................................................... 134 

Figure 3-99. Stable flight trajectory of SkyHunter (left), manual Aeroscout (middle), autonomous 

Aeroscout (right). ........................................................................................................................ 135 

Figure 3-100. Unstable flight trajectory of SkyHunter (left), manual Aeroscout (middle), 

autonomous Aeroscout (right). ................................................................................................... 135 

Figure 3-101. LoC flight trajectory of SkyHunter (left), manual Aeroscout (middle), autonomous 

Aeroscout (right). ........................................................................................................................ 135 

Figure 3-102. Stable flight strong angular relationships {SkyHunter (left), manual Aeroscout 

(middle), autonomous Aeroscout (right)}. .................................................................................. 136 

Figure 3-103. Stable flight strong airflow relationships {SkyHunter (left), manual Aeroscout 

(middle), autonomous Aeroscout (right)}. .................................................................................. 137 

Figure 3-104. Stable flight weak airflow relationships {SkyHunter (left), manual Aeroscout 

(middle), autonomous Aeroscout (right)}. .................................................................................. 138 

Figure 3-105. Stable flight weak angular relationships {SkyHunter (left), manual Aeroscout 

(middle), autonomous Aeroscout (right)}. .................................................................................. 139 

Figure 3-106. Unstable flight strong angular relationships {SkyHunter (left), manual Aeroscout 

(middle), autonomous Aeroscout (right)}. .................................................................................. 140 

Figure 3-107. Unstable flight strong airflow relationships {SkyHunter (left), manual Aeroscout 

(middle), autonomous Aeroscout (right)}. .................................................................................. 141 



xii  

 

Figure 3-108. Unstable flight weak angular relationships {SkyHunter (left), manual Aeroscout 

(middle), autonomous Aeroscout (right)}. .................................................................................. 142 

Figure 3-109. Unstable flight weak airflow relationships {SkyHunter (left), manual Aeroscout 

(middle), autonomous Aeroscout (right)}. .................................................................................. 143 

Figure 3-110. LoC strong angular relationships {SkyHunter (left), manual Aeroscout (middle), 

autonomous Aeroscout (right)}. ................................................................................................. 144 

Figure 3-111. LoC strong airflow relationships {SkyHunter (left), manual Aeroscout (middle), 

autonomous Aeroscout (right)}. ................................................................................................. 145 

Figure 3-112. LoC weak airflow relationships {SkyHunter (left), manual Aeroscout (middle), 

autonomous Aeroscout (right)}. ................................................................................................. 146 

Figure 3-113. LoC weak angular relationships {SkyHunter (left), manual Aeroscout (middle), 

autonomous Aeroscout (right)}. ................................................................................................. 147 

Figure 3-114.  SkyHunter state correlations during the dramatic rolling response in a headwind 

encounter. .................................................................................................................................... 148 

Figure 3-115. Loss of control probability for stable flight envelope {SkyHunter (left), manual 

Aeroscout (middle), autonomous Aeroscout (right)}. ................................................................ 149 

Figure 3-116. LoC probability for unstable flight envelope {SkyHunter (left), manual Aeroscout 

(middle), autonomous Aeroscout (right)}. .................................................................................. 149 

Figure 3-117. LoC probability for LoC envelope {SkyHunter (left), manual Aeroscout (middle), 

autonomous Aeroscout (right)}. ................................................................................................. 150 

Figure 3-118.  LoC probability for SkyHunter during dramatic rolling response in a headwind 

encounter. .................................................................................................................................... 151 

Figure 3-119. LoC probability for SkyHunter during a barely identifiable response in a headwind 

encounter. .................................................................................................................................... 151 

Figure 3-120.  Wake Hazard Zone in vicinity of a departing wake-generating aircraft. ............ 153 

Figure 3-121.  Isometric view of the Wake Hazard Zone in the vicinity of a departing aircraft.153 

Figure 3-122. Velocity tracking during high wind SkyHunter flight test for three different 

controllers. .................................................................................................................................. 155 

Figure 3-123. Roll angle tracking during high wind SkyHunter flight test for three different 

controllers. .................................................................................................................................. 155 

Figure 4-1. Wake vortex generated for B747-400 and Cessna 172 using Burnham Hallock Model.

..................................................................................................................................................... 162 

Figure 4-2. Example of one encounter scenario, sUAS flying parallel to the runway. .............. 162 

Figure 4-3. Example of second scenario, sUAS flying perpendicular to the runway. ................ 163 

Figure 4-4. Instrumented flight vehicle designed at the Ohio State University with a motor mount 

shown close up. ........................................................................................................................... 163 

Figure 4-5.  Raw thrust for each arm during gust encounter. ..................................................... 165 

Figure 4-6.  Attitude (left) and rates (right) for the vehicle during the flight test in gust scenario.

..................................................................................................................................................... 165 

Figure 4-7. Comparison of raw thrust (blue) to the linear RPM based model (green) for arm 2 166 

Figure 5-1. Flutter Flight Test Vehicle CAD rendering (left), and flying (right). ...................... 169 

Figure 5-2. Accelerometer distribution of right wing. ................................................................ 170 

Figure 5-3. Excitation period (top center), command and control board (bottom left), and shaker 

assembly (bottom right). ............................................................................................................. 171 

https://kansas-my.sharepoint.com/personal/mewing_home_ku_edu/Documents/My%20Documents/research/ASSURE/A35%20wake%20turbulence/final%20report/17%20Feb%20final%20report/A35%20Final%20Report%20v2_LAJ%20Edit%2014%20APR.docx#_Toc132374577
https://kansas-my.sharepoint.com/personal/mewing_home_ku_edu/Documents/My%20Documents/research/ASSURE/A35%20wake%20turbulence/final%20report/17%20Feb%20final%20report/A35%20Final%20Report%20v2_LAJ%20Edit%2014%20APR.docx#_Toc132374577


xiii  

 

Figure 5-4. Right Wingôs GVT FRF gathered in accordance with the experimental PFM Method.

..................................................................................................................................................... 172 

Figure 5-5. Right Wingôs Flight Test FRF (TAS = 31.3 m/s). ................................................... 172 

  



xiv 

 

LIST  OF TABLES 

Table 2-1.  Distance from a Boeing 737-800 touchdown to its wake diminishing to 75 m2/s at 500 

ft AGL. ............................................................................................................................................ 9 

Table 2-2. Mean and standard deviation for ultrasonic anemometer wind tunnel testing. ........... 19 

Table 3-1. Phastball and KHawk55 specifications. ...................................................................... 27 

Table 3-2. Comparison of Tornado and flight-identified Khawk55 stability derivates. ............... 30 

Table 3-3. Specifications for wake vortex of leading aircraft. ..................................................... 33 

Table 3-4. Metrics for 90 deg. Wake encounter. .......................................................................... 37 

Table 3-5. Metrics for 20 deg. Wake encounter. .......................................................................... 40 

Table 3-6. Example wake hazard zone prediction using approach 1 (Phastball UAS behind Boeing 

737-800, 10 deg. encounter angle, 0.3 RCR). ............................................................................... 44 

Table 3-7. Example wake Hazard Metrics for lateral WVE of Phastball UAS with attitude hold 

controller (WVE during straight line steady state flight).............................................................. 45 

Table 3-8. Khawk55 roll and pitch controller metrics. ................................................................. 49 

Table 3-9.  Leader aircraft specifications. .................................................................................... 54 

Table 3-10.  Follower aircraft specifications. ............................................................................... 54 

Table 3-11.  Leader aircraft specifications. .................................................................................. 60 

Table 3-12.  Follower UAS specifications. ................................................................................... 60 

Table 3-13.  Criteria for abnormal states. ..................................................................................... 60 

Table 3-14.  Minimum safe lateral distances, do, (in kilometers) for 90 degrees relative angle. . 60 

Table 3-15.  Minimum safe distances from leader aircraft takeoff for UAS flight at 500 ft AGL.

....................................................................................................................................................... 61 

Table 3-16. KHawk-55 UAS specification. .................................................................................. 63 

Table 3-17. High-fidelity CFD mesh metrics for zero degrees angle of attack. ........................... 65 

Table 3-18. High-fidelity CFD mesh metrics for six degrees angle of attack. ............................. 66 

Table 3-19. Lift coefficient (CL) results for zero degrees angle of attack. ................................... 71 

Table 3-20. Lift coefficient (CL) results for six degrees angle of attack. ..................................... 71 

Table 3-21. Drag coefficient (CD) results for zero degrees angle of attack. ................................. 72 

Table 3-22. Drag coefficient (CD) results for six degrees angle of attack. ................................... 73 

Table 3-23. Pitching moment coefficient (Cm) results for zero degrees angle of attack. ............. 73 

Table 3-24. Pitching moment coefficient (Cm) results for six degrees angle of attack. ................ 74 

Table 3-25. Summary of SkyHunter characteristics. .................................................................... 82 

Table 3-26. Summary of Ranger characteristics. .......................................................................... 82 

Table 3-27. Summary of AeroScout characteristics. .................................................................... 83 

Table 3-28. Defined mean values and standard deviations for each SCD. ................................... 97 

Table 3-29. Straight-line cruise................................................................................................... 127 

Table 3-30. Level turn................................................................................................................. 127 

Table 3-31. Ascending flight. ..................................................................................................... 127 

Table 3-32. Descending flight. .................................................................................................... 128 

Table 3-33. Entry into Loss of Control. ...................................................................................... 128 

Table 3-34. Stall. ......................................................................................................................... 128 

Table 3-35.  Root mean squared error for roll angle and velocity tracking during high wind flight 

test. .............................................................................................................................................. 156 

Table 5-1. Geometric and performance specification of the Flutter Flight Test Vehicle. .......... 169 



xv 

 

 

LIST  OF ACRONYMS 

AAA   Advanced Aircraft Analysis 

AC  Aerodynamic Center 

AGL   Above Ground Level 

ANN  Artificial Neural Network 

AOA  Angle of Attack 

AOS  Angle of Sideslip 

APA  AVOSS Prediction Algorithm 

AVOSS Aircraft Vortex Spacing System 

BM  Base Model 

CFD  Computational-Fluid-Dynamics 

CG  Center of Gravity 

CPR  Correction Procedure via Reconstruction 

D2P  Deterministic 2-Phase Model 

DOF  Degree of Freedom 

DRB  Disturbance Rejection Bandwidth 

DRP  Disturbance Rejection Peak 

EDR  Eddy Dissipation Rates 

FAA  Federal Aviation Administration 

FR  Flux Reconstruction 

FRF  Frequency Response Function 

GM  Gain Margin 

GPS  Global Positioning Satellite 

GVT  Ground Vibration Testing 

ILES  Implicit Large Eddy Simulation 

IMU  Inertial Measurement Unit 

KU  University of Kansas 

LAANC Low Altitude and Notification Capability 

LE  Leading Edge 

LES  Large Eddy Simulation 

LoC  Loss of Control 

LoRC  Limit of Reliable Simulation 

LTI   Linear Time-Invariant 

LWFAM Linear Wind Field Approximation Method 

LQR  Linear Quadratic Regulator 

MC  Monte Carlo 

MPC  Model Predictive Controller 

MUSCL Monotonic Upstream-centered Scheme for Conservation Laws 

NAS  National Airspace System 

NASA  National Aeronautics and Space Administration 

N.S  Navier-Stokes 

OSU  Ohio State University 

PCR  Pitch Control Ratio 



xvi 

 

PD  Proportional Derivative Controller 

PID  Proportional-Integral-Derivative Controller 

PFM  Parametric Flutter Margin 

PM  Phase Margin 

RANS  Reynolds-Averaged Navier Stokes 

RMC  Roll Moment Coefficient 

RCR  Roll Control Ratio 

RMSE  Root Mean Square Error 

RPM  Revolutions Per Minute 

S&C  Stability and Control 

SCD  Stability and Control Derivative 

sUAS  Small Unmanned Aircraft System 

SWC  Sliding Window Correlation 

TAS  True Airspeed 

TASS  Terminal Area Simulation System 

TDP  TASS Driven Algorithms for Wake Prediction 

TE  Trailing Edge 

TRC  Transportation Research Center 

UAM  Urban Air Mobility 

UAS  Unmanned Aircraft System 

VLM   Vortex Lattice Method 

WVE  Wake Vortex Encounter 

  



xvii  

 

 

LIST  OF SYMBOLS 

ὦ   Wingspan 

ὧ   Chord Length 

ὰ  Rolling Moment 

ά  Pitching Moment 

ὲ  Yawing Moment 

ὴ   Roll Rate 

ή   Pitch Rate 

ὶ  Yaw Rate, Pearsonôs Correlation Coefficient 

ό  Body X-axis Velocity 

ὺ  Body Y-axis Velocity 

ύ  Body Z-axis Velocity 

”   Air Density 

‰   Roll Angle 

—   Pitch Angle 

‒  Damping Coefficient 

‪  Yaw Angle 

ɜ     Wake Vortex Circulation 

ὥ   Acceleration in Aircraft Body X-axis 

ὥ  Acceleration in Aircraft Body Y-axis 

ὥ    Acceleration in Aircraft Body Z-axis 

ὦ     Initial Wake Vortex Separation 

ὅ      Drag Coefficient 

ὅ  Rolling Moment Coefficient 

ὅ   Lift Coefficient 

ὅ    Pitching Moment Coefficient 

ὅ     Yawing Moment Coefficient 

ὅ   Force Coefficient in the X Direction 

ὅ   Force Coefficient in the Y Direction 

ὅ   Force Coefficient in the Z Direction 



xviii  

 

Ὢ   ὢ Component of the Resultant Pressure Force Acting on the Vehicle 

Ὢ   ὣ Component of the Resultant Pressure Force Acting on the Vehicle 

Ὢ   Z Component of the Resultant Pressure Force Acting on the Vehicle 

ὑ      Derivative Controller Gain 

ὑ  Integral Controller Gain 

ὑ   Proportional Controller Gain 

ὴ  Aircraft Down Position 

ὴ  Aircraft East Position 

ὴ  Wake Rotational Velocity X-Component 

ὴ  Aircraft North Position 

ὴ  Relative Roll Rate 

ή  Wake Rotational Velocity Y-Component 

ή  Relative Pitch Rate 

ὶ     Wake Vortex Core Radius 

ὶ  Wake Rotational Velocity Z-Component 

ὶ  Relative Yaw Rate 

ό  Body X-axis Wake Velocity  

ό  Body X-axis Relative Velocity 

ὺ  Body Y-axis Wake Velocity 

ὺ  Body Y-axis Relative Velocity 

ύ   Body Z-axis Wake Velocity 

ύ   Body Z-axis Relative Velocity 

ὡ  Weight of the Leader Aircraft 

ὠ    Leader Aircraft Speed 

 Aileron Deflection  ‏

 Elevator Deflection  ‏

 Rudder Deflection  ‏

 Throttle Percentage  ‏

‫   Natural Frequency 

ɜ  Vortex Circulation 

  



xix 

 

EXECUTIVE SUMMARY  

The Federal Aviation Administration (FAA) has determined that there is a need to identify the 

analysis and testing requirements to assess: the severity of inadvertent Unmanned Aircraft System 

(UAS) wake vortex encounters (WVE) and the severity of wing flutter for a fixed wing UAS.  

These studies, along with associated safety analyses, are needed to support policy, guidance, and 

procedures to mitigate the risk of UAS upset due to wake encounter and flutter. 

The approach taken to address WVEs is to use simulation of wake encounters for a range of UAS, 

and to validate simulation via flight test.  The simulation and flight test procedures thus developed 

are general in nature and can be used to extrapolate to a wider range of UAS. 

The overall benefit of this research is to support safe integration of UAS into the National Airspace 

System (NAS) by assisting the FAA assess risks of UAS upsets due to wake vortex encounters 

and flutter events.  As such the results of simulation and testing are aimed at providing methods to 

support rule-making by the FAA. 

The sponsor has provided a number of research questions which have been considered and which 

form the overall guidance for the studies reported here. These are: 

¶ What are the important parameters when assessing UAS response to wake vortex encounters? 

¶ What is the severity of UAS upset due to wake vortex encounters? 

¶ What mitigations might be considered to decrease the severity of UAS upset? 

¶ What degree of flight testing is required to validate wake encounter assessments? 

¶ What are the important parameters when assessing the potential for flutter for fixed-wing 

UAS? 

¶ What degree of flight testing is required to validate flutter potential assessments? 

The key findings are:  

¶ Wake vortices from large aircraft pose a significant risk of upset to small UAS over long 

distances, up to multiple miles, below the path of the wake-generating aircraft, including 

directly below and laterally in the presence of a cross-wind. 

¶ The severity of an adverse UAS wake vortex encounter includes the possibility of either 

loss of control or structural failureðpossibly leading to impact with the ground. 

¶ When the ratio of wake-induced velocities to UAS cruise velocity is high, linear 

aerodynamic models used for response simulation fail to faithfully predict UAS response. 

¶  The severity of adverse UAS wake vortex encounters can be reduced to the severity of 

encounters with ambient meteorological conditions by physical segregation from volumes 

of airspace below and along-side known, large aircraft flight paths. 

¶ The severity of adverse UAS wake encounter might be able to be reduced by employing 

an autopilot with the ability to recover from an entry into loss of control, especially if the 

UAS has the ability to sense the entry into loss of control, and especially if significant 

excess thrust is available to ñpower throughò entry into loss of control. 

¶ The potential of the ability to predict the approach to the loss of control (e.g., using the 

aircraftôs state and control input correlations) and to adopt mitigating guidance commands 

(e.g., increasing cruise velocity) may prove to be useful for autonomously avoiding 

unrecoverable loss of control. 
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¶ Reducing for the expected uncertainties in engineering level dynamic models through 

system identification flight testing is essential to reliably predict the response of UASs 

during wake vortex encounters.  

¶ Flights through air velocity fields representative of wake vortices provide one method of 

determining the susceptibility of a UAS to upset; to be most useful: 

o the velocity of the air through which the UAS fly must be known in some way. 

o the degree of upset seen in flight test must be predicted in simulation. 

¶ Flights through actual large aircraft vortices are the best type of flight test to assess UAS 

response to a WVE.  

¶ The stiffness and mass distribution of a UAS wing must be known and verified by ground 

vibration testing to assess flutter risk. 

¶ Flight testing of a wing is essential if it has a predicted, air-density-adjusted flutter speed 

approaching the maximum expected dive speed. 

Key Conclusions: 

The comparisons between physics-based simulations and actual flight test validations highlight the 

shortcomings of UAS Linear Time-Invariant (LTI) dynamic models in predicting small Unmanned 

Aircraft System (sUAS) response to a wake vortex encounter.  Although nonlinear 6 Degree of 

Freedom (6DOF) simulations retain some degree of nonlinear effects (i.e. the coupling of longitudinal 

and lateral states), they cannot capture the accurate response of hazardous wake encounters because of 

the use of linear aerodynamic models. These issues are rooted in the unsteady and nonlinear nature of 

aerodynamic forces and moments during UAS wake encounters. Complex time and angular rate-

dependent couplings between dynamic states cannot be captured by simplified, engineering-level linear 

dynamic models. This is why the aerodynamic forces predicted in the simulations deviate significantly 

from actual validation flight tests.  

The research team recommends the following for potential follow-on work: 

¶ Flight testing of a range of small UAS through actual wake vortices with: 

o Some method of identifying where the wakes are, for instance, using ADS-B 

transmissions from the generating aircraft to provide guidance as well as adequate 

separation. 

o Some method of measuring the air velocity through which it flies. 

o Simulations which predict the response. 

¶ Further development of a process to mitigate the risk of UAS loss of control in a wake 

vortex encounter by physical separation distances. 

¶  To enhance the simulation capabilities to capture the extreme response: 

o Continue development of the non-linear force, moment and propulsion algorithms 

pioneered in the current research. 

o Continue flights through air velocity fields generated by wind machines, including 

larger wind fields. 
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1 INTRODUCTION & BACKGROUND  

The FAA has determined that there is a need to identify the analysis and testing requirements to 

assess: the severity of inadvertent UAS wake vortex encounters; and, the severity of wing flutter 

for a fixed wing UAS.  These studies, along with associated safety analyses, are needed to support 

policy, guidance, and procedures to mitigate the risk of UAS upset due to wake encounter and 

flutter. 

The approach taken to assess the severity of a WVE is to use simulation of wake encounters for a 

range of UAS, and to validate simulation via flight test.  The simulation and flight test procedures 

thus developed are general in nature and can be used to extrapolate to a wider range of UAS.  

The overall benefit of this research is to support safe integration of UAS into NAS by assisting the 

FAA assess risks of UAS upsets due to wake vortex encounters and flutter events.  As such the 

results of simulation and testing are aimed at providing methods to support rule-making by the 

FAA. 

 Background 

Wake vortex encounters for crewed aircraft are known to be a safety hazard; so, much has been 

done to mitigate risk of loss of aircraft control during a wake vortex encounter.  In particular, 

aircrew training and spatial/temporal spacing of aircraft on takeoff and landing have proved 

successful.    

For small UAS, little is known about the process to predict the level of vortex ñstrengthò which 

would be expected to cause loss of control.  There are several models of wake vortices which 

predict vortex strength as a function of time since vortex generation and the Eddy Dissipation Rate 

(EDR) in the ambient atmospheric state.  Therefore, vortex strength can be predicted as a function 

of the properties of the wake-generating aircraft, that is, weight, flight velocity and wingspan.  But, 

especially when the vertical component of a vortex is large with respect to the airspeed of the UAS, 

UAS dynamic models fail to faithfully predict response, including the likelihood of loss of control.  

Further, much is known about the avoidance of wing and empennage flutter of crewed aircraft. 

Extensive analysis and flight testðand, often wind tunnel tests as wellðare used to certify a wing 

against flutter. However, especially because UAS and crewed aircraft wings use vastly different 

structural concepts, little is known about the steps needed to avoid wing and empennage flutter in 

a UAS. 

 Research questions 

¶ What are the important parameters when assessing UAS response to wake vortex encounters? 

¶ What is the severity of UAS upset due to wake vortex encounters? 

¶ What mitigations might be considered to decrease the severity of UAS upset? 

¶ What degree of flight testing is required to validate wake encounter assessments? 

¶ What are the important parameters when assessing the potential for flutter for fixed wing UAS? 

¶ What degree of flight testing is required to validate flutter potential assessments? 

A gaps analysis was conducted and reported in the Research Task Plan.  The key findings with 

regard to wake vortex encounter were: 
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¶ Many wake vortex models have been developed and are available to provide the air velocity 

environment through which a UAS may fly. 

¶ Very little research has been conducted on the response of UAS to wake vortex encounter. 

¶ Very little research has been conducted on the prediction of flutter of UAS lifting surfaces. 

 

 Top ïlevel answers to research questions 

The key findings, listed in terms of the research questions from the sponsor follow. 

¶ The most important parameters to assess UAS response to wake vortex encounters: 

o Vortex strength 

o Ratio of UAS velocity to wake vortex velocity  

o Robustness of controller, especially the ability to identify onset of loss of control  

o Availability of reserve thrust to power through a wake encounter 

¶ Severity of UAS upset due to wake vortex  

o Possible structural failure due to high accelerations 

o Loss of control, potentially hitting crewed aircraft, but more likely people or property 

on the ground 

¶ Mitigate the severity of UAS upset in a wake vortex encounter 

o Spatial and/or temporal separation from vortices, both vertically and horizontally, 

based on commercial aircraft flight paths as their wakes descend and drift in cross-

winds 

o High robustness controllers for UAS 

o Reserve thrust for UAS with controllers capable of identifying potential loss of control 

¶ Degree of flight testing required to validate wake encounter assessments 

o Flight testing is required to validate aircraft dynamic models for use in simulation: 

otherwise, uncertainty limits the usefulness of modelling. 

o Flight testing to loss of control necessary to establish bounds of operation: intentional 

flight up to and beyond stall has been shown to be one way of establishing bounds 

¶ The most important parameters when assessing the potential for flutter for fixed wing UAS 

o The stiffness and mass distribution of a UAS wingðand the natural frequencies of 

vibrationïmust be known and verified by ground vibration testing to assess flutter risk. 

¶ The degree of flight testing is required to validate flutter potential assessments 

o Flight testing of a wing to at least the maximum expected dive speed is essential 

 

 Navigating this document 

Section 2 covers the use cases studied, the basics of the wake vortex models used, and the 

description of large fans/wind machines used to simulate segments of wake vortices for the flight 

tests conducted. 

Section 3 focuses on simulation of fixed wing UAS models encountering a wake vortex.  Two 

physics-based mathematical models are presented, the Vortex Lattice Method (VLM) and the 

Linear Wind Field Method (LWFM).  Using the LWFM, attitude hold controllers are used for the 

simulations.  Then another model using the VLM for aerodynamic forces and moments is used, 
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but with non-linear lift curve coefficients as an attempt to include one of many known non-

linearities.  Finally a path-following controller is used for simulated wake vortex encounters.  The 

simulation methods used are representative of available engineering-level modelling techniques in 

simulation.  A range of candidate methods of predicting entry into loss of control are presented, 

including heuristics, such as likely un-recoverable pitch rates, limits of control authority and 

exceedance of stall angle of attack, among others.  A novel method for loss of control prediction, 

the Sliding Window Correlation (SWC) method is also presented and shown to be useful for flight  

data.  The section then moves to a discussion of the validation flight testing conducted, simulation 

of the flight tests conducted and using the SWC to identify entry into loss of control.  Embedded 

in the section is a lengthy discussion of the importance of proper tuning of mathematical models 

through flight testing. 

Section 4 focuses on multirotor response to wake vortices.   

Section 5 describes the design, construction, and flight test of a UAS flutter flight test vehicle 

2 UAS WAKE ENCOUNTER  DESCRIPTION 

 UAS use cases studied 

Wake vortex encounters can occur when a UAS flies behind or below a wake vortex-generating 

aircraft.  Since most UAS currently fly below 400 feet Above Ground Level (AGL), the most likely 

location for an encounter is near an arrival or departure path at an airport, specifically below and 

beside commercial aircraft takeoff and landing glide slopes. As such, most of the simulations 

reported here are for UAS flight through aircraft wake vortices at a variety of trajectory ñcutò 

angles, ranging from a path perpendicular to the direction of the wake-generating aircraft, to a path 

parallel to the path of the generating aircraft.  Figure 2.1 depicts two UAS encounter scenarios 

below the wake vortex pair of a ñwake-generating aircraftò landing. 

 

Figure 2-1.  Two UAS encounters with a descending wake vortex pair from an arriving aircraft. 

For a given flight altitude, the severity of the encounter in a 90 degree or some smaller degree 

ñcutò behind the wake is a function of the time (or distance) since the wake was generated as well 
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as the Eddy Decay Rate (EDR).  Therefore, if it is known at what vortex strength a loss of control 

is likely, a ñsafeò distance from the end of the runway can be determined.   Simulation of such 

wake encounters are presented in this report. 

 

Figure 2-2.   UAS encounter with a wake vortex pairðfrom a departing aircraftðwhich is descending 

and being blown laterally by a cross-wind. 

Figure 2-2 depicts a UAS encounter with the wake vortex pair of a generating aircraft on departure 

which has been ñblownò laterally by a cross-wind.  For a given vortex strength, EDR and cross-

wind, there is a lateral distance from the runway at which a UAS may be put into loss of control. 

Simulations of this type of wake encounter are also presented in this report. 

 

Figure 2-3.  UAS encounter with a wake vortex pair descending below a departing aircraft. 

Figure 2-3 depicts a UAS encounter with the wake vortex pair of a generating aircraft after takeoff 

which is sinking in the absence of a cross-wind.  This type of encounter is also presented herein. 
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 Wake vortex models used to provide air velocity environments for study 

Aircraft wake vortices are vortical structures in the atmosphere generated by the passing of an 

aircraft in flight. They are caused by air drawn from the lower surface of the wing to the upper 

surface following the pressure distribution field to form a vortex to trail from each wingtip. The 

strength of wake vortices is mainly determined by the aircraft wingspan, weight, and airspeed [1].  

Many wake vortex models have been developed and used for simulation of wake flow fields 

generated by manned aircraft [2]. Two types of widely used wake models are flow field models 

(e.g., Lamb-Oseen, Burham-Hallock, Proctor [3]) and wake transport and decay prediction models 

(e.g., Aircraft Vortex Spacing System (AVOSS) including AVOSS Prediction Algorithm (APA), 

Terminal Area Simulation System (TASS) Driven Algorithms for Wake Prediction (TDP) [4], and 

the deterministic 2-Phase Model (D2P) [5]). The Burnham-Hallock flow field model and Sarpkaya 

decay model were selected in this project due to their wide uses in air traffic management. 

2.2.1 Burnham-Hallock Model 

The Burnham-Hallock model is a flow field model that describes the wake velocity field for a 

single wake vortex in a 2D plane perpendicular to the vortex rotational axis. It can be written as 

[1, 6]:  

 ὺ ὶ  (1) 

 ὶ ώ ώ ᾀ ᾀ  (2) 

where ώȟᾀ  is the vortex center, ɜ is the vortex circulation, r is the distance from vortex center 

and ὶ is the vortex core radius defined at the maximum tangential velocity. The tangential velocity 

field around the wake cores of a B747-400 is calculated using the Burnham-Hallock model and is 

shown in Figure 2-4, which has an initial circulation of υφυ ά Ⱦί. 

 

Figure 2-4. Burnham-Hallock model for B747-400 at initial circulation ῲ υφυ . 

2.2.2 Sarpkaya Decay Model 

In addition to the wake flow field model, wake vortex decay models, or Eddy-dissipation models, 

are also needed for wake encounter simulation and predictions. Sarpkaya wake decay model was 
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implemented in this project due to its wide use and easy implementation [6]. It can be described 

as: 

 ÅØÐπȢτυ
Ȣ

 (3) 

 ɜ  (4) 

where ‐ is the turbulence constant, EDR, ὦ is the vortex span (“/4 of the wingspan of the leading 

aircraft), ὡ  is the weight of the leader aircraft, ” is the air density, d is the distance from the 

vortex generation, and ὠ  is the speed of leader aircraft.  

An example for Sarpkaya wake decay prediction is shown in Figure 2-5 including high, medium, 

and low EDR for a Boeing 737-800 aircraft. It can be observed that the wake decays faster in the 

high EDR case (0.047 ά2/3ίī1) than medium and low EDR cases (0.0121 and 0.001 ά2/3ίī1, 
respectively). It is worth emphasizing that the overall trend and decay magnitude predicted by the 

Sarpkaya model are comparable with a similar study using the APA model of the National 

Aeronautics and Space Administration (NASA) AVOSS software [4, 8]. 

 

Figure 2-5. Sarpkaya decaying model prediction for a B737-800. 

 Potential wake hazard zones for UAS operations 

This section shows potential wake vortex regions predicted by the above models at or close to an 

airport, which may be dangerous for UAS operations. The targeted airspace is less than 200 m 

altitude and within 5 nautical miles of the airport runway. Example case studies are provided on 
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the predicted wake vortex regions generated by a landing aircraft in different cross wind and 

experimental conditions. 

The wake vortex regions at or close to an airport can be predicted by the NASA AVOSS[4], DLR 

D2P [5], or other methods based on the flight path of the wake generating aircraft and the ambient 

weather conditions (e.g., cross wind, head wind, EDR, temperature). Once formed, wake vortices 

will normally sink slowly to the ground while moving with the ambient wind. The wake descent 

rate can be approximated by (5) [1]: 

 ύ ɜȾς“ὦ  (5) 

Since the initial departing and final approaching path for most commercial airliners are straight 

(ascending or descending along the runway), the generated wake vortices may stay in the airspace 

along the runway or above at an airport during calm days. For a more general case with either cross 

wind or head wind, the wake vortices may be carried to regions far away from the flight path of 

the wake generating aircraft. NASA and DLR have developed AVOSS and D2P software to predict 

the wake transport and decay during the final approach of a landing aircraft [4, 5]. Additionally, 

the wake trajectory can also be predicted using a simplified wake transport model after combining 

the flight path information of wake-generating aircraft with ambient wind conditions and empirical 

wake descent estimates. The simplified wake transport model can be further coupled with the 

Sarpkaya decay model for predictions of wake vortex location and magnitude at an airport, which 

can generate similar results with the APA prediction results [7]. 

 A simple example illustrates the particulars of the simplified wake transport and decay model for 

the landing of a hypothetical transport aircraft. The aircraft flight path angle was set to be 4.3 
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degrees, shown in Figure 2-6Error! Reference source not found.b. The runway is aligned to the north-

south direction. The head wind is set to be zero and the cross-wind profile is shown in  

 

(a) Wake circulation decay (0-100 s)  (b) Wake descent (0-100 s) 

 

     (c) Predicted wake vortex location after vortex generation (up to t = 100 s) 

Figure 2-7Error! Reference source not found.a, including moderate wind and strong wind 

scenarios from the west to the east (10 and 20 knots at 10 m above ground.).  
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(a) Cross-wind profile using 1/7 power 

law (moderate and strong) 

 

(b) Hypothetical aircraft approach trajectory 

Figure 2-6. Crosswind profile and hypothetical transport aircraft approach trajectory. 

 

The ρȾχὸὬ power law is used to describe the cross-wind profile at low altitudes, shown in (6):  

 ὠ ὠ ᾀȾᾀ Ⱦ (6) 
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(b) Wake circulation decay (0-100 s)  (b) Wake descent (0-100 s) 
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     (c) Predicted wake vortex location after vortex generation (up to t = 100 s) 

Figure 2-7. Wake vortex intensity and location predictions for a hypothetical wake generating aircraft.  

The predicted wake vortex circulation and locations with respect to the wake-generating aircraft 

are calculated and shown in  

 

(c) Wake circulation decay (0-100 s)  (b) Wake descent (0-100 s) 
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     (c) Predicted wake vortex location after vortex generation (up to t = 100 s) 

Figure 2-7.  The initial wake vortex altitude was set to be 180 m. Both wake transport and strength need to 

be taken into consideration for sUAS wake hazard evaluations near airports. It can be observed in Figure 

2-7a and  

 

(d) Wake circulation decay (0-100 s)  (b) Wake descent (0-100 s) 

 

     (c) Predicted wake vortex location after vortex generation (up to t = 100 s) 

Figure 2-7b that the wake vortices descend to the ground at a rate of about 2 άȾί and the wake 

circulation decays from 250 ά Ⱦί to 186 ά Ⱦί in 100 s for an EDR of πȢπρςρ ά Ⱦί . For the 

analyses presented  here, the descending of wake vortices stop descending at around one wingspan 

of the generating aircraft above the ground since the ground effect is not considered in this study. 

Based on existing literature, it is difficult to predict the aircraft wake vortex location after they 

decay close to the ground. This is because there are secondary vortices or even tertiary vortices 

generated near the ground due to the induced ground flow separation. As the rotation of the 

secondary vortices are in the opposite sign of the primary wake vortices, the effective circulation 

is reduced, leading to decreased hazard levels. Although sometimes the rebound of the primary 
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wake vortices induced by the secondary vortices can cause a concern, the somewhat unstable or 

much contorted primary vortices at this stage, such as ñlinking to the groundò as termed in the 

literature, still pose reduced hazard levels.  

 

 

(e) Wake circulation decay (0-100 s)  (b) Wake descent (0-100 s) 

 

     (c) Predicted wake vortex location after vortex generation (up to t = 100 s) 

Figure 2-7c shows the wake vortex location after aircraft touchdown on the runway in three wind 

conditions: calm, moderate cross wind ( 10 knots) and strong cross wind 20 knots)  using the wind 

profile data in Figure 2-6aError! Refer ence source not found.. It can be seen that the cross winds 

can transport the wake vortex laterally as far as 950 m from the runway after 100 s. 

Clearly then, for UAS flying below a landing aircraft, the descending vortices pose a potential for 

loss of control. However, if the vortex strength diminishes to that of the ambient vorticity, 

somewhere in the vicinity of 75 m2/s, it is likely a UAS will not be affected at all by the vortices.  

It makes sense, therefore to consider the distance from a generating aircraft runway touch-down 

at which the vortex circulation has diminished to ambient levels.  This would establish the extent 
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of a very conservative ñno-fly zoneò at 500 ft AGL beneath a landing aircraft.  Table 2-1 shows 

the distance from a Boeing 737-800 touch-down at which the vorticity has decayed to ambient 

levels at 500 ft AGL for a range of wake descent rates and EDR.  The wake descent rate for a 

Boeing 737-800 has been estimated to be 1.69 m/s.   

 

Table 2-1.  Distance from a Boeing 737-800 touchdown to its wake diminishing to 75 m2/s at 500 ft AGL. 

Wake Descent Rate 
High EDR 

(84s to 75□ Ⱦ▼) 

Medium EDR 

(358s to 75□ Ⱦ▼) 

Low EDR 

(460s to 75□ Ⱦ▼) 

ύ ρȢυ άȾί 2.00 NM 4.95 NM 6.05 NM 

ύ ρȢφω άȾί 2.11 NM 5.44 NM 6.67 NM 

ύ ςȢυ άȾί 2.60 NM 7.52 NM 9.35 NM 

 

Figure 2-8 is a schematic of the region below a Boeing 737-800 where its wake vortex circulation 

in landing configuration (ũLG = 300 m2/s) exceeds the ambient circulation (or ñvorticityò), ũAMB, 

in a medium EDR environment, assuming the wake descent rate (Vsink in the figure, or ww in 

equation 5, above) is 1.69 m/s.  Assuming a uniform sink rate, the vortex strength would decay to 

ambient vorticity (75 m2/s) in 358 seconds, thereby sinking 1984 ft.  The distance from touchdown 

to where the sinking vortex decreases to ambient vorticity would be 5.44 NM.   Beyond this 

distance, using a conservative definition of a no-fly zone to mitigate UAS upset, the Airport 

Facility Map in the LANCC system would indicate 500 ft AGL as the acceptable flight altitude.  

For the assumed 4.3o landing glide slope, the circulation at the surface would be 75 m2/s at 

approximately 1.1 miles closer to the touchdown point, as shown in the figure.  Therefore, for a 

distance of 4.34 NM from the touchdown point, the Airport Facility Map would indicate 0 ft AGL 

as the acceptable flight altitude. 
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Figure 2-8.  Very conservative no-fly zone for UAS flight below a landing Boeing 737-800. 

Similar no-fly zones could also be constructed based on the allowable vortex strength for a given 

UAS, or perhaps a class of UAS. 

 Simulation of wake vortex air velocity environments 

Flying UAS through wake vortices is difficult  for two reasons:  the vortices are hard to identify 

and it is expensive to acquire knowledge of the actual velocity field through which the UAS has 

flown.  Light Detection and Ranging systems have been used before, however the cost of an 

appropriate system has a cost exceeding $1,000,000. Therefore, two assemblies of high-power 

fans, or wind machines, have been used to provide wind fields which simulate the wind field within 

a vortex.  The University of Kansas (KU) has two wind machines which produce airflows inclined 

at approximately 45 degrees from the horizon.   A bank of 5 wind machines has been used by the 

Ohio State University (OSU) to provide horizontal and slightly inclined wind fields.   

2.4.1 Wind machines at KU 

A set of 2 wind machines have been outfitted at KU with adjustable ramps which have been used 

to divert the (horizontal) fan output to approximately 45 degrees from the horizon.   [The original 

plan was to have 4 wind machines, but the wind machine manufacturer went out of business shortly 

after the purchase order for the additional fans was sent.]  

Figure 2-9 shows the two wind machines aligned in-line. Sketches in the figure represent the 

streamlines of velocity in both side and top views.  A sketch also shows the notional wind velocity 

field when both fans are in-line but with the Revolutions Per Minute (RPM) of the ñleadingò wind 

machine set lower than the ñtrailingò machine. This creates a gradient of wind velocity which 

crudely simulates a portion of a single vortex where the circulation decreases with distance from 

the vortex core and is oriented 45 degrees to the horizon.  If a UAS trajectory is perpendicular to 

this alignment of the fans, this has been shown to cause the UAS to respond primarily in roll.  If 

the trajectory is along the axis of the wind machines, this imposes increasing air velocity seen as 

the UAS flies closer to the vortex core, causing the UAS to respond primarily in pitch. 
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Figure 2-9. KU Wind Machines aligned inline: At left ï side view and top view of velocity 

streamlines, At bottom right ï velocity field at 15 ft above the ground. 

 

Figure 2-10. KU Wind Machines aligned side by side: At left ï top view sketches of velocity streamlines, 

At below right ï velocity field at 15 ft above the ground. 

Figure 2-10 shows the two wind machines aligned side by side.  Sketches in the figure represent 

the streamlines of velocity in a top view.  A sketch also shows the notional wind velocity field 

created by the wind machines.  When the fans are aligned side-by side, this crudely represents the 

very abrupt circulation corresponding to encounters close to the vortex core.   

In both cases, the air velocity field provided by the wind machines only simulates one section of 

the vortex:  to get down-wash, fans would need to be positioned above the UAS flight path with 
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air being diverted down, which is beyond the scope of this project.  That said, simulation has shown 

that down-wash causes a generally less severe response for a fixed-wing UAS but a more severe 

response for a multirotor (or helicopter) UAS. 

2.4.1.1 Measurement of air velocity field provided 

 3-D Anemometer  

Early in the project, a fully 3-axis Gill R3-50 anemometer was affixed to a telescopic mast on a 

wheeled base to measure wind machine output.  The anemometer was used to measure the 3-

dimensional velocity field in a 9 ft by 6-ft grid with 1-foot spacing, 12 feet above the wind machine 

with the 45 degree ramp.  The wind velocities at the 54 locations are plotted as vectors in Figure 

2-11, where the vector length is proportional to the velocity and the direction is the total velocity.  

The plot is a side-view of the air velocity vectors.  Note that the bulk flow direction is at 

approximately 45 degrees from the horizon. But also, there are significant departures from that 

direction, especially at the ñedgesò of the 9-foot by 6-foot region interrogated.  This measurement 

study informed the decision to create a 32-anemomemeter array to better understand the wind 

machine velocity output.  With this task accomplished, the 3-D anemometer is available to measure 

ambient wind conditions during flight tests over the wind machines.   

 

Figure 2-11. Side view of velocity vector field obtained from 3-D anemometer measurements on a plane 

at 12 feet above the floor (the base of the wind machine). 

 2-D+ anemometer array 

A moveable array of anemometers has been used to characterize the output of the wind machines. 

These Anemoment TriSonica mini anemometers are described in detail in Section 2.4.2.1.1. They 

are ñ2-D+ò anemometers, meaning they can resolve air velocities over a 360-degree range in a 
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planeðtheir ñbase planeôðand within 20-30 degrees out of the plane both above and below the 

base plane. Therefore, they are not actually 3-D anemometers. 

In wind machine output measurements, the anemometers are oriented such that the main airflow 

aligns with the anemometerôs base plane. Figure 2-12 shows the wooden frame on which the 

anemometers are installed, with the wind machine positioned below it. The frame has moveable 

cross-members which can be spaced as desired. The anemometers can also be positioned along the 

cross-members as desired. The wooden frame was initially suspended from its four corners by a 

pulley system which is used to hoist the system to the desired height. 

 

Figure 2-12. Anemometer array positioned horizontally to measure wind machine output. 

There are 8 data loggers used in a 32-anemometer experimental set-up, with 4 anemometers 

connected to each data-logger. Pairs of data-loggers are connected to a small Jetson Nano computer 

which therefore logs 8 channels of data.  For 32-channel tests, four Jetson Nano units provide the 

data for analysis. 

2.4.1.1.2.1 Initial wind machine output measurements 

Experiments were conducted with a 4 by 4 grid of anemometers spaced at 2 feet to map the velocity 

field generated by the wind machine with a ramp which directs the flow at an angle of 

approximately 45° to the floor. The velocity field from such experiments provides the flow fieldð

plus any ambient airflowðthrough which UASs are flown in flight test.  

Figure 2-13 shows a snapshot of the velocities which were recorded with a 20 Hz sampling rate at 

a height of 11 ft above the floor, with the wind machine RPM set to its maximum.  This figure 

shows a side view of the 16-channel ñquiver plotò at height of 11 ft above the floor.  The direction 

of the vectors in the quiver plot display the direction in which a wind sock would respond to the 

air velocity.  The magnitudes of the vectors indicate the magnitude of the velocity.  Velocity 

vectors at each instant of time have been scaled to unit size.   Each ñbunchò of velocity vectors 

includes velocities recorded at the 4 anemometers in each of the 4 rows of anemometers in the 

array. 
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Figure 2-13. Side view of 16 channel velocity vectors from anemometer array at 11 ft above the floor. 

From the 16-channel quiver plot, it is found that the flow produced by the fan is non-uniform, 

though the predominant direction of airflow is at 45 degrees.  It is observed that velocity vectors 

have components of significant magnitude perpendicular to the direction of the flow, which may 

be  indicative of flow circulation caused by the wind machine propellers. 

2.4.1.1.2.2 Wind machine output measurement with the anemometer array oriented vertically 

The anemometer array was oriented vertically for the most extensive velocity measurements, as 

shown in Figure 2.13. 

 

Figure 2-14. 30-channel TriSonica anemometer array in a vertical orientation. 

By positioning the wind machines at several horizontal positions away from the array, the wind 

field has been characterized in the volume of space through which UAS have flown.   
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Figure 2-15. Two fans side-by-side being characterized, positioned in front of an anemometer array. 

The data generated by the anemometer array has been analyzed to determine the uniformity of the 

flow generated by the wind machines and flow-diverting ramps.  Figure 2-16 is a quiver plot of 

the average flow at the 30 anemometer locations in front of a single fan.  Although the flow is seen 

to be mostly forward and up, at approximately 45 degrees from the horizon, there are large 

deviations.  It is likely that some form of flow-straightening can reduce the variability in flow.  

Unfortunately, the velocity field is clearly not uniformly ñup and inclined 45o to the horizontalò as 

desired.  Therefore, the velocity field produced by the wind machines matches neither the air 

velocity assumed in the simulations nor the air velocity field encountered by the UAS in flight 

testing.  This discrepancy might be able to be improved by a number of highly-engineered wind 

machines, likely with specially-designed diverter vanes, which are often found in wind tunnels to 

improve the uniformity of air flow.  
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Figure 2-16. Quiver plot of the velocity field 6 feet in front of the diverting ramp for one fan 

Figure 2-17 shows the projection of the total velocity onto the vertical plan, giving some indication 

that there at least does not seem to be significant vorticity about the horizontal axis.  Rather, the 

flow seems to be generally up and to the sidesðin this case, more-so on the left side.   

 

Figure 2-17. Projection of total velocity measurements onto the vertical plane. 
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2.4.2 Ohio Transportation Research Center (TRC) wind machines 

A unique test facility at the TRC was used to generate the simulated gust encounters. The Skid-

Pad Facility at the TRC outside of East Liberty, Ohio, has a unique array of six large fans that are 

mounted on the ground level of the track to simulate crosswind conditions for road vehicle testing, 

as shown in Figure 2-18. Each fan has four horizontal vanes and six vertical vanes that can be 

adjusted to direct the flow of air. The fan opening on the output side is 1.73 m (68 in) tall by 2.77 

m (109 in) wide. Each fan has six blades and each of them is 1.02 m (40 in) long, not including 

the central hub. Further, each of these fans is driven by a gasoline engine and have variable speed, 

which can be adjusted in an open-loop fashion. These fans can be individually throttled to produce 

gradients in the wind field and have turning vanes to allow the individual jets to be angled both 

horizontally and vertically. The fans can generate wind speeds up to 15 άί  (49.2 Ὢὸί ). Of 

note, the fans are of a blow-down configuration with an intake in the rear of the fan housing. This 

means that ambient winds will create additional fluctuations or mean-flow offsets in the output of 

the fan. To some degree this can be controlled by adjusting individual fan speeds as previously 

mentioned. Ultrasonic anemometers were used to characterize the outputs of individual fans, and 

the combined array as described in the next section. 

 

Figure 2-18. Front and rear view of the crosswind fan array at the Skid-Pad Facility located at the 

Transportation Research Center (TRC). 

2.4.2.1 Measurement of wind machine output  

 Ultrasonic anemometer 

The gust and wake encounter are measured using a Trisonica 3-D mini Ultrasonic anemometer, 

which has a bandwidth up to 10 Hz, allowing for rough atmospheric turbulence information to be 

gathered in addition to mean-flow data. The anemometer can measure wind speeds up to 50 άί  

(164.04 Ὢὸί ) with a resolution of 0.01 άί  (0.03 Ὢὸί ) and is able to operate in temperatures 

ranging from τυᶼ to ψυᶼ. The Trisonica 3-D mini ultrasonic anemometer with pipe-mount base 

was chosen for characterization purposes because of its lightweight structure, simple mounting 

interface, and ability to be mounted on the sUAS in future testing. The Trisonica anemometer 

outputs data in an ASCII character string over a standard serial port connection at a chosen 

sampling rate of 5 Hz. Calibration of the anemometer was conducted in the Batelle Subsonic Wind 

Tunnel with a 0.91 m (3 ft)  1.52 m (5 ft) test section. This wind tunnel facility is able to produce 

speeds up to 45 άί  (147.64 Ὢὸί ). However, wind speeds for this calibration testing were 

limited to the wind speeds predicted by the encounter scenarios outlined in the previous section, 

which is approximately 20 άί  (65.66 Ὢὸί ). The wind tunnel has a nominal turbulence 
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intensity of 0.25% across its operational speed range. The anemometer was approximately 0.76 m 

(30 in) from the inlet of the test section and was mounted along the centerline of the test section. 

The anemometer calibration was performed for speeds ranging from 7 άί  (22.97 Ὢὸί ) to 20 

άί  (65.62 Ὢὸί ) for a full πᶼ to σφπᶼ rotation in both the counterclockwise and clockwise 

directions to determine the azimuthal accuracy of the anemometer. 

 Calibration of anemometer 

Figure 2-19 shows the results from this calibration testing characterized by full counterclockwise 

and clockwise azimuth rotations at varying wind speeds. The measured wind speed from the 

ultrasonic anemometer accurately tracks the known wind speed for all azimuth angles except for 

azimuth angles in the range of σππᶼ to σσπᶼ for all wind speeds. This deviation was only 

measurable in the wind tunnel and did not persist in outdoor testing. The wind tunnel walls are 

likely source of reflection for the ultrasonic anemometers as one wall of the tunnel is acrylic for 

flow visualization purposes, and the other walls are painted plywood, which better attenuates the 

ultrasonic pulses generated by the anemometer. Additionally, the mean and standard deviation of 

the measured wind speed for each of the wind tunnel speeds tested were computed to determine 

the accuracy of the ultrasonic anemometer. These values can be seen in Table 2-2, as well as in 

Figure 2-19 where the measured mean wind speed is represented by the solid black line and one 

standard deviation is represented by the dashed black line. Generally, the ultrasonic anemometer 

over-predicts the actual wind tunnel speed, although this trend diminishes with increasing wind 

tunnel speed. Nonetheless, it can be seen that the anemometer measurements are within one 

standard deviation for the higher speeds ranging from 10 άί  (32.80 Ὢὸί ) to 20 άί  (65.61 

Ὢὸί ) and within two standard deviations for the lower 7 άί  (22.97 Ὢὸί ). This larger 

discrepancy between the actual and measured wind tunnel speeds at 7 άί  (22.97 Ὢὸί ) could 

be due difficulties maintaining the wind tunnel at lower speeds. 

Table 2-2. Mean and standard deviation for ultrasonic anemometer wind tunnel testing. 

Ὗ  άί  Mean άί  Standard Deviation άί  

7 7.57 0.42 

10 10.53 0.68 

15 15.11 1.13 

20 20.10 1.46 
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Figure 2-19. Ultrasonic anemometer wind tunnel calibration results. 

2.4.2.2 Ultrasonic anemometer array  

In addition to calibrating the ultrasonic anemometer, an ultrasonic anemometer array with 10 

stations was developed to enhance our capabilities of making spatial and temporal multiple point 

wind measurements at various locations, as shown in Figure 2-21. The Ultrasonic anemometer 

array was developed and designed at OSU. Each station consists of components shown in Figure 

2-20: Trisonica 3D mini anemometer, Arduino, Global Positioning Satellite (GPS) module and 

wireless transceivers. The Arduino serves as an onboard computer to establish communications 

between the GPS, anemometer, and control station. The GPS module will be used to gather an 

accurate measurement location.  
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Figure 2-20. Components of ultrasonic anemometer station. 

 

Figure 2-21. Ultrasonic anemometer array developed and designed at OSU. 

 

2.4.2.3 Single wind machine characterization 

Temporal single fan measurements were collected at the fanôs center 1.52 m (5 ft) along the fan, 

which is with respect to the starting point, 6.09 m (20 ft) offset from the fan, and at a height of 
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2.43 m (8 ft). Wind data was collected for 3-5 minutes at two fan speed at 10 άί  (32.80 Ὢὸί ) 

and 5 άί . Figure 2-22a depicts the collected wind measurements for the 5 άί  fan speed. This 

figure also shows the 60 sec moving average wind speed every minute and the average wind speed 

over the entire test. There was significant deviation in the wind speed measurements over time due 

to the open-loop control of the crosswind fans. Despite this, the average wind speed measured 

remains consistent (excluding the last minute of the test, which is most likely due to ambient air 

speed interference. Frequency peaks shown in the power spectral density Figure 2-22b may 

represent long-period oscillations in the fan, or in the ambient winds. However, further testing 

would be required to definitively determine the sources of these frequency peaks. It should be 

noted that only flow features up to 2.5 Hz were resolved, as the sampling frequency was chosen to 

be 5 Hz.  

 

Figure 2-22. Temporal measurements for a single fan at locations (x, y, z) = (1.52 m, 6.09 m , 2.43 m) for 

10 m/s (32.80 ft/s). 

2.4.2.4 Crosswind wind machine array characterization 

Flow field measurements were collected at fifteen lateral distances across the fan array in 

increments of 1.52 m (5 ft). Flow measurements were collected from the crosswind fans for a 

ramping up and ramping down gust profile at two distinct heights above the ground: 1.22 m (4 ft) 

and 2.44 m (8 ft). Figure 2-23a shows the ramp up and ramp down gust profile tested at TRC. 

Additionally, Figure 2-23b shows the average wind speed magnitude at each lateral distance across 

the fan array. The measured wind speed at 1.22 m (4 ft) has a significantly larger magnitude 

compared to the 2.44 m case (8 ft). This reinforces the indication that the measurements at 2.44 m 

(8 ft) above the ground are outside the core region. Measurements taken at a height of 1.22 m (4 

ft) show behavior consistent with close proximity to the core region; however, further testing 

around this altitude would be required to be able to definitively pinpoint the exact core location. 
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Figure 2-23. Ramp up and ramp down gust profile tested at TRC and wind measurements obtained from 

the test. 
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3 FIXED -WING UAS WAKE ENCOUNTER STUDIES 

Modeling and simulation of fixed wing UAS response to wake vortex encounters has been 

conducted using 6 DOF models of aircraft flight dynamics.  Simulation includes open-loop 

response to wake vortices as well as the response with two types of controller.  Further, flight 

testing has been used to validate the simulations and to identify metrics which indicate loss of 

control.  Finally, the potential of using physics-based response analyses coupling computational 

fluid dynamics with UAS motion has been explored.  

 Simulation of fixed-wing UAS wake encounters 

3.1.1 Coupled aerodynamics and flight dynamic simulations with wake hazard predictions 

This section focuses on simulating sUAS responses during wake encounters and concludes with 

suggestions for predicting wake hazard metrics. Two UAS wake vortex encounter modeling 

methods are developed and implemented as HawkWakeSim v2.1 including the VLM and the 

Linear Wind Field Approximation Method (LWFAM). Both methods are validated with flight data 

for flight in uniform flow fields, then cross-validated in simulated wake vortex fields. Then, a 

range of UAS wake encounter scenarios are simulated with an attitude-hold controller for flight 

paths with two different ñcutting anglesò with respect to the path of the wake-generating aircraft.  

Finally, alternative metrics for defining wake hazard are presented 

3.1.1.1 Aerodynamic modelling for UAS wake vortex encounters 

Aircraft wake encounter modeling has been studied in the past using a variety of methods, 

including lifting-line theory, strip method, vortex lattice method, panel method, and other 

computational fluid dynamics-based methods [2, 3]. For example, a pre-computed data set was 

generated by large-eddy simulation for predicting wake vortex interaction in a real-time flight 

simulation[4]. Vicroy combined a series of wake encounter flight test data in the cruise condition 

for improved understanding of wake vortex physics and atmospheric interaction [5]. Strip theory 

for Wake Vortex Encounter (WVE) hazard prediction was studied through simulation in [6]. In 

[7], a VLM from [8] and the strip theory method from [6] were compared with wind tunnel data, 

with both methods showing similar results. Although there are many WVE modeling and 

simulation efforts, few focus on validation with flight data and identified models. A strip theory-

based method was developed and validated against manned aircraft WVE flight data [9]. In this 

section, VLM and LWFAM are used for the wake encounter simulation and initial flight 

validation. VLM was chosen because it uses perturbed states for calculating Stability and Control 

(S&C) derivatives on each panel, which can generate accurate estimates of aerodynamic 

coefficients [9]. LWFAM was selected because it uses less time for calculation while still 

maintaining good accuracy in predicting aircraft responses [4, 10]. 

 Vortex Lattice Method 

The 3-D Vortex Lattice Method can be used to calculate aircraft forces/moments in wake fields. 

The VLM takes aircraft geometry, incoming flow information and aircraft angular rates as inputs 

and provides S&C derivatives as outputs. The calculated S&C derivatives can then be used in a 6-

DOF, nonlinear flight dynamics simulator. One implementation example of the VLM is Tornado, 

an open-source MATLAB program based on standard vortex lattice theory and stemmed from 

potential flow theory [9]. 
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The VLM divides an aircraft into small panels. On each panel, the Kutta-Jukovski theorem is 

applied to calculate forces acting on these panels. VLM computes the total aerodynamic forces 

and moments acting on the aircraft, and allows for rapid calculation compared to traditional 

computational fluid dynamic methods, which are often based on Naiver-Stokes equations [11]. 

Additionally, Tornado  is used for calculation of rate-dependent stability and control derivatives 

such as ὅ , the derivative of rolling moment coefficient with respect to roll rate. The aerodynamic 

forces can be calculated as: 

 Ὂ В ”ὠ ɜὰ (1) 

where F is the forces vector, ” is the air density, ὠ  is the induced velocity, ɜ is the vortex 

strength and ὰ is the length at each cross segment of panel. 

VLM  provides solutions for calculating forces acting on each panel and it accounts for the rigid 

body angular rates by adding them into induced flow velocity: 

 ὠ ὠ ὅ ὴȟήȟὶ  (2) 

 where ὠ  is the velocity of upcoming flow, ὅ  is the collocation point on each panel and 

[ὴȟήȟὶ] are the rotation rates.  

The VLM is a quick and straightforward method for calculating aerodynamic coefficients. It has a 

good balance between calculation time and accuracy, and can process complicated aircraft 

geometries as input. The VLM method can simulate the wake vortex field on each panel of the 

aircraft while LWFAM assumes the wake field is linearly distributed across the aircraft. However, 

this method does not include viscosity effects, resulting in potentially nontrivial errors when 

estimating drag forces and drag related parameters. Also, further validations of VLM are needed, 

especially with UAS flight data or identified models. 

 Linear Wind Field Approximation Method (LWFAM) 

VLM and other Computational-Fluid-Dynamics (CFD) based aircraft wake response models 

generally offer increased accuracy when compared to standard flight dynamics simulators. 

However, these high-fidelity models typically require accurate aircraft geometry information and 

many computational resources. Researchers have also developed simplified methods to simulate 

the aircraft WVE using classical flight dynamic models. One example is the linear wind field 

approximation method, originally proposed by Etkin [10], which was utilized in this section to 

provide a comparison and validation with the VLM results as well as for controller evaluation. In 

this method, the nonuniform wind field experienced by the aircraft is approximated as three 

translational wind velocities and three wind velocity gradients, which are equivalent to body 

rotational velocities relative to the air. The wind components are then used to compute the aircraft 

velocities relative to the wind, as: 

 

ό ό όȟ    ὴ ὴ ὴ
ὺ ὺ ὺȟ    ή ή ή
ύ ύ ύȟ    ὶ ὶ ὶ  (3) 

where όȟὺȟύ  are translational velocities, ὴȟήȟὶ are angular velocities, subscript Ὣ indicates 

gusts or turbulence, and subscript ὶ indicates the velocities relative to the wind. For typical aircraft 



 

30 

 

flight, these components are generated from spectral functions such as those specified by the 

Dryden turbulence model. 

For deterministic wind fields, such as a wake vortex model, the equivalent linear wind field can 

be generated directly based on the wake vortex model. One approximation method is to use an 

identified linear wind field to represent the wake vortex field, or a linear changing wind field across 

the wing to represent the wake vortex field, which is the closest approximation to the wake-

generated wind field. In [4], this method was used to estimate the wake generated forces and 

moments during aerial refueling. The wind components were determined by taking weighted 

averages of the wind components over a finite number of grid points along the aircraft. The model 

was compared to wind tunnel data and was shown to accurately predict the trend in forces and 

moments at different lateral and vertical spacings. In subsequent sections, a similar approach will 

be used to provide a fast-time prediction of UAS wake response and to provide some empirical 

validation with the results from the VLM in this section. The inputs of LWFAM are basic aircraft 

wing and fuselage geometry and S&C derivatives or aircraft state-space model. The outputs of the 

LWFAM are wake induced changes of aircraft states as well as forces and moments. LWFAM has 

the advantage of a faster calculation time while the prediction accuracy is theoretically lower 

compared to VLM in certain wake vortex regions. 

3.1.1.2 Fixed-wing UAS considered in this section  

Two types of fixed-wing UAS platforms are used in our study including a conventional T-tail UAS 

and a tailless flying-wing UAS. Phastball UAS, as shown in Figure 3-1, is a T-tail wing developed 

by West Virginia University researchers [12-14]. The wingspan of the aircraft is 2.4 m and the 

chord length is 0.35 m. The geometry specifications can be found in [5]. Key specifications of 

Phastball are shown in Table 3-1. 

 

 

      (a) Phastball UAS Platform 

 

 

(b) Khawk55 UAS Platform 

Figure 3-1. UAS geometry and modeling. 

The KHawk55 UAS, a small-flying wing UAS developed at KU, was shown in Figure 3-1b. 

KHawk55 UAS has a wingspan of 1.4 m and is powered by a brush-less throttle motor. The main 

control surfaces are two elevons which is a combination of elevators and ailerons. 

The geometries of Phastball and KHawk55 were mapped into Tornado, and the 3-D model, shown 

in Figure 3-2, was used for calculation of aerodynamic coefficients. The current mesh element 

settings are based on mesh convergence studies based on previous investigation [6, 15]. 
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Table 3-1. Phastball and KHawk55 specifications. 

UAS 

Specifications 
Phastball KHawk 55 

Mass 10.5 kg 2.7 kg 

Wingspan 2.4 m 1.42 m 

Wing area 0.78 ά  0.51 ά  

Wing Chord 

length 
0.32 m 0.43 m 

Fuselage 

Chord Length 
2.2 m 0.37 m 

C.G. Location 
1.18 m from 

nose 

0.23 m from 

nose 

Cruise Speed 30 m/s 20 m/s 

 

 

      (a) Phastball UAS Platform 

 

 

(b) Khawk55 UAS Platform 

Figure 3-2. UAS mesh elements and collocation points(green) in Tornado. 

3.1.1.3 Open loop wake vortex encounter simulation with HawkWakeSim 

In this section, the details of HawkWakeSim 2.1 are explained, which includes both VLM 

implementation and LWFAM implementation. HawkWakeSim 2.1 was developed using 

MATLAB Simulink [6, 15]. 

 HawkWakeSim 2.1-VLM Simulation Platform 

HawkWakeSim v2.1-VLM was developed based on previous studies on the T-tail Phastball UAS 

[6, 7]. The aerodynamic analysis is based on Tornado [9] and the flight dynamic simulation follows 

Newtonôs second law and corresponding coordinate transformations . Tornado is an open source 

VLM program which can calculate aircraft S&C derivatives based on the given flight condition. 

The obtained S&C derivatives will be passed to the flight dynamics simulator for the prediction of 

aircraft states at the next time step. After that, Tornado will use the result calculated by the flight 

dynamic simulator to update all the coefficients. Tornado was modified to implement the wake 

encounter models discussed previously. The outputs for the flight dynamic simulator are the twelve 

aircraft state variables, including the translational and rotational states, ὴȟὴȟὴ , όȟὺȟύ , 

‰ȟ—ȟ‪, ὴȟήȟὶ used in the equations of motion. HawkWakeSim v2.1-VLM has the ability to 
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simulate UAS wake encounters at desired encounter angles and for different leader aircraft. It is 

also capable of simulating various wake vortex models. The overall diagram of the HawkWakeSim 

v2.1-VLM model is provided in Figure 3-3. 

 

Figure 3-3. System diagram for HawkWakeSim v2.1-VLM . 

 HawkWakeSim 2.1- LWFAM Structure 

The LWFAM can be implemented by generating a set of discrete points along the wing and 

fuselage of the UAS and computing the wake-induced velocity at each point using the Burnham-

Hallock model. Then, the unknown terms of (4) can be estimated using least squares regression. 

Among the parameters from aircraft geometry, only rudimentary characteristics such as the 

wingspan or total length are needed. Additionally, the method is relatively robust to different 

realizations of the discrete points. This is because only the average wind over the body of the 

aircraft needs to be estimated. In contrast, strip theory method computes the forces and moments 

at each discrete point. 
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Figure 3-4. System diagram for HawkWakeSim V2.1-LWFAM. 

3.1.1.4 Validation of HawkWakeSim and LWFAM 

 Validation in uniform flow fields 

As an initial validation, S&C derivatives computed from HawkWakeSim v2.1-VLM are compared 

with those identified from flight data using frequency domain-based system identification 

methods. 

The longitudinal stability coefficients are shown for comparison with the flight identified ones in 

Table 3-2. ὅ and ὅ  are the terms of interest for longitudinal analysis during the UAS WVE. For 

flight dynamic simulation, the lift and pitching moment coefficients can be expanded using first-

order Taylor series:   

 ὅ ὅ ὅ ‌ ὅ ή ὅ  (4) ‏

 ὅ ὅ ὅ ‌ ὅ ή ὅ  (5) ‏

where ὅ is the lift coefficient and ὅ  is the pitch moment coefficient. The wake induced ὅ and 

ὅ  will consequently show up in the changes of force (Ὢ,Ὢ), moment (ά), acceleration(ὥ,ὥ), 

and translation and rotation velocity(‌ or ύ,ή). 

The Tornado calculated aerodynamic parameters are compared with those identified from flight 

test in Table 3-2. In the lateral loop, ὅ, ὅ, ὅ are the terms of interest, the lateral aerodynamic 

force and moments coefficient can be expanded as:  

 ὅ ὅ ὅ ‍ ὅ ὴ ὅ ὶ ὅ ‏ ὅ  (6) ‏

 ὅ ὅ ὅ‍ ὅ ὴ ὅ ὶ ὅ ‏ ὅ  (7) ‏

 ὅ ὅ ὅ ‍ ὅ ὴ ὅ ὶ ὅ ‏ ὅ  (8) ‏
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Table 3-2. Comparison of Tornado and flight-identified Khawk55 stability derivates. 

Method ὅ  ὅ  ὅ  

Tornado 3.6132 -0.2151 -0.3633 

Upper Bound 95% Confidence Range 5.5912 -0.2754 -0.1551 

Flight Identified 4.5725 -0.3717 -0.2499 

Lower Bound 95% Confidence Range 3.7774 -0.4882 -0.3580 

It can be observed that the Tornado predicted longitudinal stability derivatives are fairly accurate 

compared to the flight identified parameters while the lateral S&C derivatives show some error 

such as ὅ , ὅ  and ὅ . Further investigations are needed for the lateral loop comparison. 

The HawkWakeSim v2.1-VLM model is further validated through comparison with flight data. 

Figure 3-5 presents the elevator doublet comparison between VLM predictions and flight data. 

The flight data was generated by an elevator doublet from -3 degrees to 5 degrees. The overall 

trend for HawkWakeSim v2.1-VLM matches with flight data. The pitch rate prediction matches 

with flight data with about 2% error at the first peak. The vertical acceleration has about 30% error 

at the peak. The magnitude differences come from the difference between flight-identified and 

Tornado computed parameters. The VLM can provide accurate predictions of lift coefficients, but 

not the drag coefficients. This is the partial reason for the variance of HawkWakeSim v2.1-VLM 

prediction with flight data shown in Figure 3-5.  

 

Figure 3-5. Comparison between HawkWakeSim v2.1-VLM and flight data for an elevator doublet. 

 Cross Validation in Wake Flow Fields 

The LWFAM was also used to provide some empirical validation of the VLM results in this 

section. The wake induced forces and moments experienced by the UAS were estimated at 

different lateral spacings from the wake vortex under steady-state conditions. The vertical spacing 

was held constant, aligned with the vortex core. This computation was done for both parallel and 

perpendicular encounters (0 degree and 90 degree encounters) with the wake vortex. 

The results for a perpendicular encounter for both Phastball and Khawk55 are shown in Figure 

3-6. The lift prediction matches very well for the two methods. The LWFAM predicts a larger 

pitching moment for the Khawk55, but has a similar prediction as VLM for Phastball. 
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Figure 3-6. Comparison between VLM and linear approximation for perpendicular wake encounters. 

The results for a parallel encounter (0 deg.) are shown in Figure 3-7 and Figure 3-8. The rolling moment 

and lift prediction are shown to have a good match between the two methods. Yawing moment and pitching 

moment show a match in trend, however there are differences in magnitude. Side-force has the least 

similarity between the two methods. 

In general, the trend between the two methods matches well, which provides some cross validation 

of the developed HawkWakeSim v2.1-LWFAM and VLM. Lift and rolling moment, which are 

arguably the most important measurements during the wake vortex encounter, show a good match 

in both magnitude and trend. Side-force has the least consistent match between the two methods; 

however, this force is typically less critical for wake vortex encounters. In this section, the 

researchers used HawkWakeSim v2.1-VLM for predicting the magnitude of the wake vortex 

encounter, and used HawkWakeSim v2.1-LWFAM for fast-time evaluation and controller 

analysis, since the LWFAM simulation takes less time than VLM-For a Xeon Windows machine, 

the LWFAM takes about 40 s computation time to finish one case of UAS wake encounter 

simulation while the VLM takes about 40 mins. 



 

36 

 

 

Figure 3-7. Comparison between VLM and linear approximation for Khawk55 parallel wake encounter. 

 

Figure 3-8. Comparison between VLM and linear approximation for Phastball parallel wake encounter. 

 Inner-loop attitude controller 

Small UAS are typically equipped with various types of controller during flight test, including an 

inner loop attitude controller and an outer loop path tracking controller. In Sections 3.1.1.6 and 

3.1.1.7, an inner loop attitude tracking controller is implemented and analyzed. An Linear 

Quadratic Regulator (LQR) controller is used for the roll hold and pitch hold of the Phastball UAS. 

The controller gains are selected based on identified Phastball state-space model and fine tuned in 

flight tests. A similar model-based inner loop attitude controller design approach is used for Khawk 

55 UAS as well. Note that servo actuators are better modeled here including system delay, second 

order servo response model, and control surface saturation. The pitch controller was set up as a 

Proportional-Integral-Derivative (PID) controller while the roll controller was set up as a 

Proportional-Derivative (PD) controller. The controllers were tuned to hold the desired pitch and 

roll angles, respectively. 
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The rise time for the pitch hold controller is about 0.5s, with no overshooting and about 8% final 

tracking error. The current controller setting is used for simulating the autopilot reaction of 

Phastball and Khawk 55 during a WVE. The controller gains for Khawk55 sUAS are: ὑ

πȢτφρπȟὑ πȢπφσπ for the roll hold controller, and ὑ πȢςςυπȟὑ πȢρπππȟὑ πȢπρππ 

for the pitch hold controller. The controller gains for Phastball UAS are  ὑ πȢφσςυπȟὑ

πȢρσπψ for the roll hold controller, and ὑ πȢυσψυȟὑ πȢπτυπ for the pitch hold controller.  

3.1.1.5 UAS wake encounter simulation with an attitude hold controller   

The major goal in the development of HawkWakeSim is to predict small UAS WVE responses 

behind other aircraft and analyze the hazard levels especially at or close to the airport. 

Additionally, HawkWakeSim can be used as an initial prediction of UAS WVE encounter 

magnitude for potential UAS WVE flight tests. As an initial study, two types of wake encounter 

angles (90 deg. And 20 deg.) behind three representative leading aircraft (a Cessna 172, a Cessna 

Citation, and a Boeing 737-800) are simulated using both Phastball UAS and Khawk55 UAS. The 

leading aircraft were selected to provide a variety of wake circulation strengths (ςπȾωτȾςυπά Ⱦί) 
and vortex core separation distance. The leader aircraft and wake information are shown in Table 

3-3. The 90-degree WVE represents UAS flying across the runway after takeoff of a leading 

aircraft while the 20-degree WVE represents a general aircraft wake encounter flight during cruise 

[16]. In all the 90 deg. and 20 deg. Wake encounter cases, the controller was set to hold desired 

roll and pitch attitude (zero roll and trim pitch) for the follower UAS. 

Table 3-3. Specifications for wake vortex of leading aircraft. 

Leader Aircraft MTOW (N) Circulation (ά Ⱦί) Core Radius (m) Wingspan (m) 

Cessna 172 7517 20 0.57 11 

Cessna Citation 136916 94 1.14 22 

Boeing 737 691243 250 1.87 36 

  90 degrees wake vortex encounter 

The 90-degree wake encounter scenario is simplified due to the decoupled longitudinal and lateral-

directional dynamics. The longitudinal UAS response will be dominant for 90 degree WVE, 

especially for this type of follower aircraft since the wake decay across the wingspan of a small 

UAS is negligible. The 90-degree wake encounter can be dangerous to sUAS due to wake 

generated stall possibilities. The following UAS WVE metrics will be focused on hazard analysis 

for 90-degree UAS WVEs: body frame accelerations ὥȾὥ, body frame pitch rate q, local Angle 

of Attack (AOA), pitch angle, stall status, and maximum elevator deflection. The local AOA is 

defined as the local angle of attack at the location where the flow angle sensor is installed. During 

UAS WVE, the local AOA at the nose could be different than the AOA at the center of gravity or 

at the wingtip. In simulation, it can be calculated with respect to the nose panel of the geometry to 

simulate a vane or a 5-hole probe installed on the nose of an UAS. 

Both Khawk 55 UAS and Phastball UAS are used for this WVE simulation study. The cruise speed 

is 20 m/s for the Khawk55 UAS and 31 m/s for the Phastball UAS. Due to the time constraints, 

Khawk55 UAS is only used for one case (WVE behind Cessna 172). The trajectory of Phastball 

UAS cutting through different wake vortices is shown in Figure 3-9. It can be observed that with 
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the increasing size of leader aircraft and the increasing strength of wake vortex, the follower 

aircraft was pushed away and deviated from the wake vortex core. 

 

 

Figure 3-9. 90-degree wake encounter: reconstructed wake positions (o) and flight path in the wake axis 

y/z plane. 

The Khawk55 UAS 90-deg. WVE responses behind a Cessna 172 aircraft is shown in Figure 3-10, 

with the dotted line showing the wake vortex core location. Pitch hold controller is enabled to track 

the trim angle. It can be observed that the local AOA reached above 10 deg., the vertical body 

acceleration reached -2.9 g, and the pitch rate showed minor oscillations between -25 and 25 deg/s 

during about 0.8 second of the wake encounter. The elevator moved between -2.5 and 2.5 degrees 

during the WVE. 

 

Figure 3-10. Khawk55 behind Cessna 172 90-degree WVE. 

The Phastball UAS 90-degree WVE responses behind a Cessna 172 are shown in Figure 3-11. It 

can be observed that the local AOA went between -5 and 4 deg. During about 0.5 second of the 

wake encounter with the pitch hold controller in the loop. The smaller change in local AOA is 

mainly caused by the faster cruise speed of the Phastball UAS compared with the Khawk55 UAS. 

The other UAS responses are similar. 
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Figure 3-11.Phastball behind Cessna 172 90-degree WVE. 

The Phastball UAS 90-deg. WVE responses behind a Cessna Citation and a Boeing 737-800 are 

further shown in Figure 3-12 and Figure 3-13 . It can be observed that the WVE time period 

increased for Cessna Citation and Boeing 737 due to the same reason explained in the previous 

paragraph. As the size of leader aircraft increases, elevator deflection reaches the limitation for 15 

deg. both in Cessna Citation and Boeing 737 cases. From Figure 3-13, the elevator reaches its 

limitation for 0.05 s and AOA drops to -20 deg. The Phastball UAS is predicted to experience an 

approximately 7 g z-axis acceleration since the wake vortex generated by a Cessna Citation is three 

times bigger than a Cessna 172. 
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Figure 3-12. Phastball behind Citation 90-degree WVE. 

 

Figure 3-13. Phastball behind Boeing 737-800. 

The 90-degree UAS WVE metrics are summarized in Table 3-4. There is a focus on five 

parameters: max AOA local, max ή, max ὥ, max ὥ, and max ‏. The local AOA is crucial for 

determining the stall condition of UAS and max pitch rate and max ὥ can act as indicators for 

potential structural failures. The table illustrates that with increasing wake vortex strength, the 

magnitude of all the parameter values also increase. Future work is needed to determine the 

maximum tolerance point for a small UAS during a WVE. The maximum AOA reaches 25 deg 

during the Phastball encounter behind a Boeing 737-800, which could likely cause stall. Also, 

during this wake encounter, Phastball experienced a maximum vertical acceleration of 16.5g which 

may also lead to structural failure. The Khawk55 experienced a more significant response when 

compared to Phastball. This can be explained by its lower mass and inertia and by the tailless 

flying-wing configuration, which will have reduced longitudinal stability compared to 
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conventional configurations. As seen in the table, Khawk55 will have a larger longitudinal 

response than Phastball for the same wake strength. 

Table 3-4. Metrics for 90 deg. Wake encounter. 

90 deg WVE Max AOA 

local (deg) 

Max ή 
(deg/s) 

Max ὥ (g) Max ὥ (g) Max ‏ (deg) 

Khawk55 / Cessna 172 12 110 0.35 1.8 2 

Phastball / Cessna 172 4.8 25 0.2 1.5 3 

Phastball / Cessna 

Citation 

18 190 1.5 9 15 

Phastball / Boeing 737 25 380 4 16.5 15 

 

 20 degrees wake vortex encounter 

A 20 degree UAS WVE response is analyzed next. This scenario was selected to be similar to 

previous WVE flight tests of manned aircraft [16] and UAS [6]. During a 20-degree WVE, both 

the lateral and longitudinal UAS responses will be excited, with the lateral impact being more 

noticeable due to the large wake induced rolling moment. Wake vortices with more strength 

pushed the UAS away from the vortex core, which is shown in Figure 3-14 and Figure 3-15, the 

y-z and x-y plot of Phastball WVE. The following UAS metrics are focused on 20 degree WVE: 

body frame accelerations ὥȾὥȾὥ, body frame rotation rate ήȾὴȾὶ, local AOA and Angle of 

Sideslip (AOS), and maximum aileron and elevator deflection angles generated by the controller. 
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Figure 3-14. 20-degree Phastball wake encounter: reconstructed wake positions (o) and flight path in the 

plane perpendicular to the wake axis. 

 

Figure 3-15. 20-degree Phastball wake encounter: flight path in the horizontal plane. 

The response of the 20 deg. WVE cases are shown in Figure 3-16 and Figure 3-17. As observed 

in Figure 3-16, with a Phastball UAS behind a Cessna 172, the aileron command reaches up to 8 

degrees and the elevator command reaches -5 degrees during the wake encounter to react to the 

wake disturbance. The wake vortex generated around 100 deg./s roll rate changes and around 40 

deg./s pitch rate changes. The wake generated disturbances increased for the larger Cessna Citation 

and Boeing 737. As is shown in Figure 3-17 and Figure 3-18, the increasing vortex strength will 

push the follower UAS away from the wake vortex. Phastball UAS experienced a maximum 5 g 

acceleration in the z-direction and 3 g in the y-direction and a maximum of 150 deg/s pitch rate, 

behind a Cessna Citation. In the last case, the Boeing 737 vortex is strong enough to push the 

Phastball off from the original trajectory and, as a result, Phastball does not fly close to the second 

vortex core. 

 
(a) Cessna 172 

 
(b) Cessna Citation 

 
(c) Boeing 737 

 

 
(a) Cessna 172 

 

 (b) Cessna Citation 

 
(c) Boeing 737 
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Figure 3-16. Phastball behind Cessna 172 20-degree WVE. 

 

Figure 3-17. Phastball behind Cessna Citation 20-degree WVE. 
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Figure 3-18. Phastball behind Boeing 737-800 20-degree WVE. 

The 20-degree UAS WVE metrics are summarized in Table 3-5. In addition to the five longitudinal 

WVE metrics, six more lateral WVE metrics are focused: max AOS local, max ὴ, max ὶ, max ὥώ, 
max ‏ὥ, and max ‏ὶ. It can be observed that the maximum roll rate is a major indicator for 20 deg. 

UAS WVE in addition to the pitch rate. The body frame acceleration is another major indicator, 

however the impact on the vertical acceleration is less severe than for 90 deg. UAS WVE. The 

aileron and elevator control surface saturated during the WVE of both Cessna Citation and Boeing 

737-800, which poses a hazard warning. 

Table 3-5. Metrics for 20 deg. Wake encounter. 

Leader aircraft 

Max 

‌  

(deg.) 

Max 

‍  

(deg.) 

Max p 

(deg./s) 

Max q 

(deg./s) 

Max r 

(deg./s) 

Max 

ax 

(g) 

Max 

ay 

(g) 

Max 

az 

(g) 

Max 

ŭa 

(deg.) 

Max 

ŭe 

(deg.) 

Max 

ŭr 

(deg.) 

Cessna 172 4.7 1 110 40 11 0.3 0.05 1.3 8 4 2.1 

Cessna 

Citation 
3 5 490 150 90 1.2 0.53 4.2 15 14 12 

Boeing 737-

800 
5 8 680 240 160 2.2 0.93 6.1 15 15 15 
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 Conclusions for Khawk55 and Phastball UAS wake encounter analysis 

To summarize, both large jets show a significant hazard for sUAS in 90 and 20 deg. WVE cases. 

The strong vortices such as those generated by a Cessna Citation may cause control surface 

saturation which may lead to loss of control. This was seen in both 20 and 90 deg. WVE cases. 

UAS may stall during 90 deg. WVE behind a large jet. A large vertical acceleration may cause the 

structural failure which is another hazard observed from the WVE simulation. The Phastball UAS 

will have better control compared to the Khawk55 UAS because of its configuration and larger 

size. 

3.1.1.6 UAS wake hazard metric and wake hazard zone prediction 

Many researchers have looked into the wake separation rules for manned aircraft. The FAA is 

implementing wake separation rules at airports based on the categories of wake-generating and 

following aircraft, ranging from A Super (e.g., A380) to I Lower Small (e.g., C208).  Roll Moment 

Coefficient (RMC) is utilized as the main metric for severity however, for the severity prediction 

of aircraft wake encounters, Roll Control Ratio (RCR) is often used as a severity metric since many 

manned aircraft experienced severe rolling during WVE [35, 36]. The RCR is defined as wake 

induced rolling moment divided by the aircraft maximum roll control power [32]. RCR is a 

dimensionless parameter which can be used for different configurations of aircraft. The advantage 

for using RCR as wake hazard criteria is that RCR is a dimensionless unit which can apply to any 

conventional type of aircraft. A 100% RCR means that the wake induced rolling moment exceed 

the maximum roll control power of the aircraft. An RCR of 20% configurationss is usually selected 

for manual flight, and 30% for automatic control of a manned aircraft. For the determination of 

RCR values, DLR further defined the safety operation criteria for manned aircraft including bank 

angle, airspeed deviation, descent speed, roll rate deviation, and load factor. The values of manned 

aircraft WVE criteria can be determined by pilot feedback, general flight control laws, and flight 

operation procedures [33, 34]. However, since manned aircraft is different than sUAS in moment 

of inertia, wing area, weight, flying speed, and so on, the criteria defined for sUAS may be quite 

different with manned aircraft. 

 Methodology 

Based on the UAS WVE simulation studies in Section 3.1.1.5 as well as small UAS system 

identification and flight control experiences [21, 26ï28, 35, 36], the following metrics are 

proposed for fixed-wing UAS wake hazard evaluation and predictions: 

¶ Roll/pitch rate anomalies (ὴȾή): Severe angular rate changes measured by inertial sensors are 

often the easiest wake encounter indicators for many UAS since flow anlge sensors may not 

be available due to their cost and maintainance challenges. And severe angular rates can cause 

control surface saturation since the onboard flight control laws will try to compensate for these 

disturbances 

¶ Control ratio (ɿ ȟɿ ): The control surfaces for a UAS are constrained to a certain range (e.g., 

+-15 deg. For Khawk55 and Phastball UAS). A severe wake generated rolling or pitching may 

cause the controller to saturate and result in unexpected attitude or loss of control. Earlier 

studies showed that elevator may saturate during 90 deg. Wake encounters and aileron may 

saturate during 20 deg. wake encounters, which may generate significant safety issue for UAS.  

¶ Angles of attack (‌) and sideslip (ɓ): Through the analysis, the researchers noticed that the 

UAS may stall while flying through the strong updraft portion of a wake field, due to 
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significant wake generated pitching moment. A potential stall (more than 20 deg. AOA) is 

noticed during 90 deg. wake encounters but not in 20 deg. wake encounters.  

¶ Roll attitude anomalies (‰): Severe roll attitude values during wake encounters may also be 

dangerous since it may cause loss of vertical component of lift and go over the controller 

design limit. For example, Arduplane autopilot uses 45 deg. as the max desired roll angle.  

¶ Structure load: Severe wake generated forces and moments may cause structure failures on an 

UAS (e.g., 10 g or above).  

Based on the above metrics and proposed wake encounter modeling methods, a procedure for UAS 

wake hazard zone prediction at an airport is proposed as the following steps: 

Å Identify the wake generating aircraft information (flight path, wingspan, speed, weight, etc.) 

and the airport weather information (temperature, EDR, wind profile, etc.); 

Å Predict the wake vortex location using a wake transport and decay model; 

Å Approach 1: Control ratio-based prediction (spatial analysis) 

ï Specify acceptable RCR and Pitch Control Ratio (PCR) for UAS WVE; 

ï Run wake response model at different locations in the wake flow field  to calculate 

wake induced moments and then generate predicted RCR and PCR values at different 

locations behind the wake (e.g., use HawkWakeSim VLM to calculate the wake 

induced roll moments when putting UAS at different lateral and vertical offsets from 

the wake vortex core for 10 deg. wake encounters); 

Å Approach 2: UAS response and control -based prediction (spatiotemporal analysis) 

ï Specify acceptable UAS hazard metrics for potential wake encounter; 

ï Use wake response model duing the whole wake encounter time period  to perform 

comprehensive wake encounter simulation studies to evaluate if any of the hazard 

metrics is exceeded (e.g., use HawkWakeSim VLM to simulate UAS WVE at 10 deg. 

encounter angle with the simulator time running from 0 to 10 sec.); 

Å Label red wake hazard zones based on obtained UAS responses. 

 Results and analysis for a typical UAS wake vortex encounter 

A case study is demonstrated next using the above proposed UAS hazard metrics and wake hazard 

zone labeling methods. In this analysis, Phastball UAS WVE with wake vortices generated by a 

B737-800 during landing was simulated using HawkWakeSim v2.1-VLM. The simulated wake 

encounter response was analyzed using the previously-proposed wake hazard metrics and the two 

wake zone prediction methods. This research focuses on wake vortex encounters with small cutting 

angles such as 10 or 20 deg.  

For approach 1 (control-ratio-based method), the wake hazard area is determined based on wake 

induced rolling moment coefficient and roll control ratio. Here, the RCR is defined as : 

ὙὅὙ
ὅ

ὅ ‏
ρππϷ 



 

47 

 

where ὅ   is the wake induced rolling moment coefficient, ὅ  is the aileron to rolling 

moment control derivative for a UAS (e.g., 0.072 for Phastball UAS), and ‏  is the max aileron 

deflection angle for a UAS (e.g., 15 deg. For Phastball UAS). 

The Phastball UAS was placed at different locations in the wake flow field. The wake induced 

rolling moment was then calculated using HawkWakeSim v2.1-VLM. Three example cases were 

run for the wake vortices generated by a Boeing 737-800 at 250, 175 and 100 ά Ⱦί circulations, 

which correspond to the wake vortices at different ages of decaying. The hazard zones are labeled 

based on RCR values and shown in Figure 3-19 and Figure 3-20. The researchers chose an RCR 

of 0.3 as the threshold for this UAS hazard zone labeling based on this UAS system identification 

and flight test results. In other words, the blue (0.3-0.5), yellow (0.3-1), and red zones (> 1) are 

UAS wake hazard zones based on the researchersô suggestion. An RCR value of one or bigger 

means the wake generated rolling moment is equal to or bigger than what the max aileron control 

can compensate for, which is shown in red. Based on this analysis, a lateral separation of [-26, 26] 

m and a vertical separation of [-13, 13] m are predicted for 250 ά Ⱦί wake circulation, where [0, 

0] m means the center point of the two wake vortex cores. The predicted wake hazard zones for 

175 and 100 ά Ⱦί circulations are shown in Table 3-6. The overall trend of RCR for this UAS 

study matches with the trend for manned aircraft wake encounter analysis. It can be observed that 

UAS RCR plot has more white areas in between the two vortex cores compared with manned 

aircraft. This is probably caused by the dominant downdraft in this region and the smaller wingspan 

of Phastball UAS. 
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Figure 3-19. Wake induced roll control ratio for wake circulation of 250 ά Ⱦί (Phastball UAS 

encountering of Boeing 737-800 wake). 

 

Figure 3-20.  Wake induced roll control ratio for wake circulation of 175 ά Ⱦί (Phastball UAS 

encountering of Boeing 737-800 wake). 

 

Table 3-6. Example wake hazard zone prediction using approach 1 (Phastball UAS behind Boeing 737-

800, 10 deg. encounter angle, 0.3 RCR). 

Wake circulation Lateral offset Vertical offset 

250  ά Ⱦί [-26, 26] m [-13, 13] m 

175  ά Ⱦί [-25, 25] m [-12, 12] m 

100  ά Ⱦί [-23, 23] m [-8, 8] m 

 

Using Approach 2, the wake hazard area can also be determined based on the area in which the 

aircraft maximum response falls outside of any one of the acceptable conditions defined in Table 

3-6.  Based on our earlier simulation studies in Section 3.1.1.5, the roll rate and roll control input 

are the two major indicators for UAS wake hazard determination at small encountering angles. In 

this analysis, the roll rate deviation was selected as 34.6 deg/s for Phastball UAS with attitude hold 

controllers based on aileron controller gains: 

Ὧz ‏ Ὧᶻ‰ ‰ Ὧ ὴz 
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where Ὧ is the control ratio (0.3 for this case) and Ὧ is 0.13 for our PD roll hold controller, which 

can also be found in Section 3.1.1.4. The roll angle limit is set as 60 deg. based on manual flight 

data. Other wake hazard metrics for this case study are also provided in Table 3-7. 

 

Table 3-7. Example wake Hazard Metrics for lateral WVE of Phastball UAS with attitude hold controller 

(WVE during straight line steady state flight). 

Parameter Acceptable Conditions 

Roll Rate Deviation ὴ  συᶼȾί  

Roll Control Percentage ‏   σπϷ ‏   

Bank Angle Deviation ‰   φπᶼ 

Acceleration Deviation ὥ   ρπὫ 

  

Using Approach 2 for HawkWakeSim simulations of a Phastball UAS WVE behind a B737 

generated a safe operation distance of 15 m away laterally and 5 m away vertically from the C.G. 

of leading aircraft, when the wake circulation is 250  ά Ⱦί. The estimated wake hazard zones are 

slightly different but comparable between approach 2 and approach 1. It is worth emphasizing here 

that it is more challenging to run the coupled aerodynamic and flight dynamic simulator during 

the whole wake encounter period (Approach 2) than only run the simulator at fixed locations in 

the wake flow field (Approach 1), since the estimated wake induced forces and moments may 

affect the later calculations. The initial results showed a comparable performance between these 

two approaches. More analysis needs to be done for different wake strength and for various wake 

encounter angles.  

Figure 3-21 shows the labeled wake hazard area with strong cross wind from the west (20 knots at 

10 m with 1/7 power law profile, medium EDR: 0.0121 ά Ⱦ ί ) and flight path angle discussed 

in the previous section. The port hazard region is marked green and starboard hazard region is 

marked red. As shown in the figure, the wake vortex starts to descend after forming. The aircraft 

trajectory was marked in black while t = 0 s indicated when the aircraft touched down at (0, 0, 0) 

m. Under the high cross wind condition, the wake vortex could be carried 950 m away from the 

runway and might cause wake hazards for sUAS operation this region. 

More analysis and evaluation of the proposed UAS wake hazard metrics and wake zone 

categorization can be performed in the future, using different wake generating aircraft and UAS 

and varying weather conditions 
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(a) X-Y Plot (Top View) 

 

 (b) X-Y-Z Plot (Side View) 

 

(c) X-Y Plot (Top View) 

 

(d) X-Y-Z Plot (Side View) 

 

Figure 3-21. Wake hazard area prediction in strong cross-wind at airport (0, 40 and 80 s). 

3.1.1.7 Improved attitude hold controller design and analysis for UAS wake encounter 

For the WVE problem wherein disturbances are dramatic, the low-level attitude control law will 

have the most significant impact on the UAS response, as the response is likely independent of 

most high-level guidance logic. As such, inner loop roll, and pitch hold controllers with improved 

disturbance negation were the focus of this study. 



 

51 

 

A classical PID structure is used for both controllers, using attitude angle and rate feedback. PID 

controller is very common for small UAS and have shown to be effective for a wide range of UAS 

sizes and configurations, as evidenced by their wide use in open-source UAS autopilots, such as 

ArduPilot, PX4, and Paparazzi. Furthermore, the flexibility of PID controllers ensures the same 

control structure can be used for future simulations with different UAS, which is useful for later 

comprehensive analysis and comparisons. The roll/pitch hold PID control structure is shown in 

Figure 3-22. 

 

Figure 3-22. Roll and pitch hold controller structure. 

The controller outputs a command that is sent to the servos, or actuators. The actuators used in this 

paper are modeled by second-order transfer function, which was identified from experimental data: 

Ὃ
‫

ί  ς‒ ί ‫ ‫
  

where ‫  = 30.7 rad/s is the natural frequency and ‒ = 0.62 is the damping coefficient of the 

actuator. 

 Controller specifications 

As no handling-quality requirements exist for small UAS, selecting controller specifications can 

be a delicate task. For this application, it is important to select a set of specifications that is 

independent of UAS-specific parameters, such as size, weight, or configuration. Instead, the 

researchers desire to select a set of specifications that can be used to design controllers for a variety 

of UAS. This provides a baseline for direct comparison of different UASô response to the same 

wake vortex. 

The specifications were selected based on manned aircraft handling quality and flight control 

system specifications [17, 18] and existing literature for small UAS multi-objective control 

design[19]. Two sets of specifications were used to design a nominal controller and a disturbance 

rejection controller (such as wake disturbances). 

 Nominal controller specifications 

The first requirements deal with the stability of the single-input, single-output closed-loop systems, 

‰/‰cmd and —/—cmd. First, the system is required to be stable (all of the eigenvalues are in the left-

hand plane). Second, the stability margins of the loop gain broken at the actuator must meet the 

requirements: 

Gain Margin (GM) > 6 dB 

                                            Phase Margin (PM) > 45 deg (10) 
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The next requirements deal with the damping of the closed-loop system. These requirements differ 

for the longitudinal and the lateral-directional dynamic modes. The damping is required to be 

above the minimum values depending on frequency: 

 ‒

πȢπτ‫ ρÒÁÄȾÓ
πȢτ ρ ‫ ςπÒÁÄȾÓ
πȢςυ‫ ςπÒÁÄȾÓ

 (11) 

 ‒
πȢτ ‫ ρυÒÁÄȾÓ
πȢσ ‫ ρυÒÁÄȾÓ

 (12) 

The step response of the closed-loop system is required to have an overshoot less than 10%, and 

the gains are constrained based on the empirical methods discussed in [20]. 

ὑ πȢτ ὑ

ὑ πȢρυ ὑ  

Lastly, minimum requirements for the Disturbance Rejection Bandwidth (DRB) and Disturbance 

Rejection Peak (DRP) are set. These criteria are defined based on the output sensitivity function 

of the roll or pitch angle, respectively. The DRB is computed as the frequency at which the 

sensitivity function crosses -3 dB, and the DRP is defined as the maximum magnitude of the 

sensitivity function. It has been shown that increasing DRB can lead to increased rejection of 

disturbances to the roll or pitch angles [21]. However, increasing DRB will also come at the cost 

of increasing DRP (commonly known as the "waterbed effect"). The disturbance rejection 

requirements are: 

$2" πȢωÒÁÄȾÓ
$20 υÄ"

 

The nominal controller was tuned by hand to achieve a desirable step response such that all 

specifications were met. A conservative design was selected to reduce the control surface activity. 

The roll and pitch controllers designed for the Khawk55 UAS are summarized in Table 3-8 
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Figure 3-23. Design of disturbance rejection controllers through optimization. 

 Disturbance rejection controller 

Several requirements were relaxed for the disturbance rejection controller, with the ultimate goal 

of increasing the DRB of the system. The stability margin and disturbance rejection specifications 

were relaxed by 20%. The minimum damping specification was reduced by 0.05 for all frequencies 

except the low-frequency longitudinal modes. 

Additionally, the disturbance rejection controller was designed using an optimization strategy, 

rather than being tuned by hand. The DRB was maximized, subject to the constraints of the 

controller specifications. This was achieved by first performing a scatter analysis to identify a 

small search space. Then, pattern search optimization was performed to find the gain set that 

maximized the DRB. An example of this process is visualized in Figure 3-23. 

Table 3-8. Khawk55 roll and pitch controller metrics. 

 Wake encounter simulation with the improved attitude hold controller 

The methods discussed previously can be used for rapid small UAS WVE simulation and 

controller performance evaluation. In this section, initial simulation results will be shown and 

 
Roll controller  Pitch controller  

Metric  Nominal Dist. Rej. Nominal Dist. Rej. 

ὑ  0.3 0.530 0.20 0.383 

ὑ 0.02 0 0 0 

ὑ  0.029 0.030 0.015 0.011 

Overshoot (%) 5.1 10.0 0 0 

GM (dB) 15.4 11.7 9.4 6.3 

PM (deg) 76.2 44.3 101 87.0 

DRB (rad/s) 1.8 2.8 2.3 4.9 

 DRP (dB)   3.0   5.5   2.5   6.0  



 

54 

 

discussed. Four WVE scenarios are presented to demonstrate the effects of wake encounter angle, 

core radius size, and circulation strength on the encounter severity and controller performance. 

Response measurements such as roll and pitch angles, angular rates, body accelerations, and 

control activity are analyzed to evaluate severity and controller performance. 

 

Figure 3-24. KHawk-55 30Á wake vortex encounter (ũ=100 ά Ⱦί, b=30 m). 

The first case analyzed is shown in Figure 3-24. The UAS was simulated to encounter a wake 

vortex at a 30-degree angle. The wake was generated by an aircraft with a 30 m wingspan and has 

a circulation of 100 ά Ⱦί and core radius of 1.2 m. This size of vortex is representative of a 

narrow-body airliner, such as a Boeing 737-800, that is about five miles away from the UAS.  
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Figure 3-25. Khawk--55 30Ǔ wake vortex encounter (ũ = 20 ά Ⱦί, ὦ = 10 m). 

The primary response of the UAS can be observed in the roll angle and roll rate plots, where the 

disturbance rejection controller reduces the peak of each response by about 25%. The pitch angle 

response is also reduced. The controller successfully attenuates disturbances at the cost of more 

aggressive control commands, which can be seen in the aileron and elevator plots. Finally, the 

altitude plot shows the trajectory of the UAS, with the position of the wake cores shown as black, 

dashed lines. The wake vortex pushes the UAS above the first core, then causes the UAS to rapidly 

loses altitude and cross the second vortex several meters below the core. 

The disturbance rejection controller was very effective under the conditions of the previous case. 

However, for rapid WVEs, characterized by small vortex radii or near-perpendicular encounter 

angles, the different controllers resulted in very little difference in the UAS response. This can be 

seen in the encounter shown in Figure 3-25. The vortex was generated by an aircraft with a 10 m 

wingspan, has circulation strength of ςπ ά Ⱦίȟ and core radius of 0.4 m. This is representative of 

the wake of a single-engine general aviation aircraft. The controller cannot respond quickly enough 

and, as such, has less impact on the UAS response during the encounter. The UAS encounters both 

cores directly and responds with a large roll rate. However, because of the encounter brevity and 

low strength of the vortex, the roll angle excursions are still relatively small.  

Similar trends can be seen for encounters where the UAS crosses perpendicularly behind the 

generating aircraft, even for wakes of larger sizes. This is demonstrated in Figure 3-26. Even with 

the wake generated from a 30-meter-wingspan aircraft, the response is too quick for the controller 

to alleviate. The UAS briefly experiences large vertical loads and pitch rates.  

Lastly, the opposite phenomenon can be seen for slow, drawn out encounters. In Figure 3-25, the 

UAS was simulated to fly through the wake of the aforementioned small, general aviation aircraft. 

The wake is generated at a 10-degree climb angle, and the UAS crosses the wake at a 15-degree 

encounter angle. The encounter is slow and drawn out, and the UAS only crosses through one of 

the vortex cores. As such, even with the very small core radius, the disturbance rejection controller 
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alleviates the roll response, though the difference is small. The roll angle is the largest of any of 

the four simulated scenarios, and the aileron saturates. This indicates the significant hazard 

presented by this type of vortex encounter, where the UAS is near the vortex core for a long period 

of time. 

 

Figure 3-26. KHawk-55 σπᶼ wake vortex encounter (ũ=100 ά Ⱦί, b=30 m). 

 

Figure 3-27. Khawk-55 σπᶼ wake vortex encounter (ũ=20 ά Ⱦί,  b=10 m). 

 Conclusions for simulation with an attitude hold controller 

In summary, two inner loop attitude hold controllers were designed to evaluate the impact of the 

low-level flight control during the UAS WVE. These controllers were based on specifications for 

nominal conditions and for maximized disturbance rejection. Linear wind field approximation 

method is used for the prediction of UAS wake encounter responses. Simulation results showed 
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that the disturbance rejection controller successfully attenuated the UAS WVE response for cases 

where the encounter was prolonged by either the vortex size or encounter angle. However, for 

rapid WVEs, such as during perpendicular flight across the wake, both controllers show similar 

performance. 

3.1.2  Flight dynamics simulation using non-linear lift curve coefficients 

The equations of motion for a fixed wing UAS are augmented to include one of the many non-

linearities at play in wake vortex encounter simulation.  This model is then used with a path-

following controller to simulate two types of UAS wake vortex encounters.   

3.1.2.1 Simulation scenarios 

Computer simulations were conducted to study the effect of the wake vortex produced by a leader 

aircraft on a following aircraft's stability encountering the vortex. Here, the simulation results of 

four scenarios are presented.  

Figure 3-28. shows top-view snapshots of each of these scenarios. Each scenario represents an 

event where the follower aircraft cruises near a runway while the leader aircraft is taking off. The 

two vortices generated from the two wing tips of the leader aircraft can affect the follower aircraft's 

stability. The results show how the vortex strength on the follower aircraft varies with its distance 

and orientation from the leader aircraft. 

 

Figure 3-28. Simulation scenarios. 

In ST1 & ST2, the follower aircraft (a SkyHunter, described in Section 3.3.1) is flying at 350 ft 

AGL in parallel with the wake vortex-producing aircraft (an Airbus 380) with a 15 feet per second 

cross-wind. In ST3 & ST4, the follower aircraft (SkyHunter) is also flying at 350 ft AGL across 

the wake vortex produced by the leader aircraft (Airbus 380). 
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In the first two scenarios (ST1 & ST2) as shown in Figure 3-28, at a timestamp of 0 secs, the 

longitudinal distance of the leader aircraft from the follower aircraft is 0 m, and its longitudinal 

axis is in a parallel orientation with the longitudinal axis of the leader aircraft. The lateral distance 

of the leader aircraft from the follower aircraft in ST1 is 500 m and reduced to 300 m in ST2. In 

the last two scenarios (ST3 & ST4), depicted in Figure 3-28, the follower aircraft flight path is 

oriented at a right angle with the leader aircraft at a timestamp of 0 secs. The lateral distance of 

the leader aircraft from the follower aircraft is reduced from 2000 m (ST4) to 500 m (ST3). 

Table 3-9.  Leader aircraft specifications. 

Aircraft model Class Mass Wingspan Take-off speed 

  [kg] [m] [msī1] 

Cessna 172 I 1,111 11 31 

Boeing 737 II  41,410 34 77 

Airbus A380 III  575,000 64 80 

 

Table 3-10.  Follower aircraft specifications. 

Aircraft model Mass Wingspan Cruise speed 

 [kg] [m] [msī1] 

SkyHunter 4 4 14 

 

A leader aircraft model from 3 aircraft classes, class I, II, & III, is chosen in each scenario. The name and 

specifications of these leader aircraft are given in Table 3-9. A small UAV, a SkyHunter, is used as an 

example follower aircraft model; its specifications are shown in Table 3-10. 

3.1.2.2 6 DOF Nonlinear equations of motion 

Following [1], the aircraftôs nonlinear dynamics are described using 6 DOF, 12-state Newton-

Euler equations of motion. The aircraft is modeled as a rigid body of mass m, with inertia tensor 

J. The 12-state vector includes the aircraftôs 3D position ὴḳ ὴȟὴȟὴ  , attitude based on Euler 

angles (i.e., roll, pitch, and yaw) ‰ḳ ‰ȟ—ȟ‪  , translational velocity ὺḳ όȟὺȟύ  , and angular 

velocity ‫ ὖȟὗȟὙ . The aircraft is controlled using four control inputs, όװḳ ‏ȟ‏ȟ‏ȟ‏ , 

which are throttle, elevator, aileron, rudder deflections, respectively. Equations of Motion for 

translational and angular momentum are 

ὺװ װ ‫ ὺװ װ
ρ

ά
Ὂ  

and 

װ‫ ὐװ ‫ ὐװ‫ ὓװ  

respectively. Where, Ὂ ḳ ὊȟὊȟὊ  represents the summation of forces generated in the 

body frame ὦ due to gravity, aerodynamics, and thrust. Similarly, ὓ ḳ ὰȟάȟὲ  represents 

the summation of moments generated in ὦ due to aerodynamics and thrust.  



 

59 

 

Longitudinal and lateral directional force and moment coefficients are described by first-order 

Taylor series approximations. Lift force coefficients (ὅ) and pitching moment coefficients (ὅ ) 

are expressed as a function of ‌, ή, ό, ‌, and ‏ . Lateral force coefficient (ὅ), rolling moment 

coefficient (ὅ), and yawing moment coefficient (ὅ) are expressed as a function of ɓ, ὴ, ὶ, ‏, and 

 The stability and control derivative coefficients for the aircraft are calculated using Advanced .‏

Aircraft Analysis (AAA) [22]  software package. 

 

The drag coefficient (ὅ ) is provided by the Prandtl nonlinear relationship: 

ὅ ὅ װ
ὅ

“ὃὙὩ
 

Lift force coefficients (ὅ) are modeled as a nonlinear function of Ŭ as follows [23]: 

 ὅ ὅ  ὅ ‌ Ὑὅὒ  (13)  

Ὑὅὒ ὅ  ὅ ‌ ὅ  

ὔ ρ
ὅ

Ὑὅὒ
 

 

The nonlinear ὅ vs ‌ (normalized) graph is shown in Figure 3-29. 

 

Figure 3-29. Nonlinear ὅ versus ‌ graph. 

The aircraft relative airspeed vector, ὺ , is defined (in the body frame) as the velocities of the 

UAV relative to the surrounding air mass velocity, ὺ , also in the body frame.  That is:   

ὺװ װ

ό
ὺ
ύ

ὺװ ὺװ  

From the airspeed vector, we can calculate the total airspeed ὠ, the angle of attack Ŭ, and the 
sideslip angle ɓ as 

ὠװ όװ ὺ ύ  

 ‌ ÔÁÎ  (14) 

 ‍ ÓÉÎ  (15) 
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The follower aircraft encounters the wake vortex the leader aircraft produces if the distance 

between these two aircraft is within the impact range. The Burnham-Hallock vortex model gives 

the velocity distribution of the wake vortex, and its detailed implementation can be found in [6].  

To accurately model the effect of wake vortex on the follower aircraft, the wing planform is 

divided into two sections: left and right. Each of the two wing sections experiences wake vortex 

velocity components as a function of the location of the section wing tip relative to the leader 

aircraft. This is expressed as external wind components in the body frame for the Ὥ  wing section, 

ὺ , positioned at the tip of the section. The wind relative airspeed vector corresponding to the Ὥ  

wing section is then converted into airflow angles (‌ and ‍) using Equations (14) and (15). The 

Lift coefficient corresponding to ‌ȟὅ, is calculated using Equation (13) and the rolling moment 

coefficient is calculated by  

ὅ ᷿ – ὅώ Ὠώ   (16) 

where – is the dynamic pressure ratio, Ὓ is section planform area, ὦ is the wingspan, and ώ  is 

the y-axis distance of the section tip from the center of gravity of the follower aircraft. 

 

Figure 3-30. Wake vortex experienced by the i-th wing section tip located at (ὼȟώ) position 

relative to the leader aircraft. 

The actuator dynamics is modeled by first order integrators with their respective time constants. 

The thrust is modeled as a cubic polynomial function of the throttle input, where the model 

coefficients are estimated through experimental measurements of the static thrust values at 

different throttle locations. 

3.1.2.3 Simulation results with a path-following controller  

Closed-loop simulation results of the four scenarios are presented in Error! Reference source not 

found. throughError! Reference source not found. Each figure shows follower aircraft closed-

loop states such as AOA, roll attitude angle, and roll and pitch attitude rates. The AOA is 

normalized, where the maximum represents the follower aircraft's stall threshold. The details of a 
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reinforcement-learning-based longitudinal state controller and model predictive control based 

lateral state controller are given in [24] and [25], respectively. 

 

 

Figure 3-31. Follower aircraft states in ST1. 

 

 

Figure 3-32. Follower aircraft states in ST2. 

 

Figure 3-33. Follower aircraft states in ST3. 
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Figure 3-34. Follower aircraft states in ST4. 

 

Comparing ST1 states with ST2 and ST3 states with ST4, it is shown that the impact of wing 

vortices on the follower aircraft decreases as the distance increases. Also, this impact is much more 

prominent in cross orientation (ST3 & ST4) than in parallel orientation (ST1 & ST2). In cross-

orientation, different wing sections experience different AOA, which causes the follower aircraft 

to roll either left or right depending on its position and orientation (Error! Reference source not 

found. andError! Reference source not found.). If one of the wing sections of the follower 

aircraft is too close to the wake vortex, the AOA for that wing section may exceed the max AOA 

(Error! Reference source not found. throughError! Reference source not found.). This causes 

abrupt rolling moments, sudden drops in altitude due to stall, and the aircraft enters a nonlinear 

and unsteady dynamic state. In ST2, the follower aircraft is at a 300 m distance at the beginning 

timestamp (150 secs) and reaches an unstable state condition at a timestamp of 230 secs, un-

recoverable by the controller.  In ST1, the distance at the beginning timestamp (150 secs) is 

increased to 500 m, and the aircraft stays stable due to a relatively small impact. On the other hand, 

in ST3, although the follower aircraft distance at the beginning timestamp (150 secs) is the same 

as ST1 (500 m), the aircraft reaches the un-recoverable state condition at about 190 secs timestamp. 

This un-recoverable state condition persists even when the distance is increased to 2000 m in ST4.  

 

3.1.2.4 Estimation of a safe distance for a 90o wake encounter 

Based on the same simulation process for the 4 cases reported above, a function has been created 

to determine acceptable distances behind a wake-generating aircraft for two twin-boom UAS with 

weights of 4, 6 and 27 kg (8.8, 13.2 and 59.4 lb) 
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A pictorial representation of an encounter is shown in Figure 3-35 and Figure 3-36, where the 

follower aircraft encounters the wing-tip wake vortices of the leader aircraft at a relative angle of 

90 degrees. The distance Ὠ is the lateral distance between the leader and follower at which an 

encounter is deemed ñsafeò when the UAS, flying at altitude hUAS, arrives at the descending wake 

of the leader UAS, as shown in Figure 3-36.  The definition of safe is when selected states of the 

UAS exceed pre-selected allowable, which are discussed later in this section.  The times ὸ, and ὸ 

denote the time at the encounter of the first wake vortex and the time that the UAS exits the second 

wake vortex, respectively.  These times are defined in terms of the speed of the leader aircraft 

(LAS).   During the time, ȹt = t1- t0, the leader aircraft travels distance D = LAS * ȹt, as shown in 

Figure 3-36.  The simulated encounter occurs at the altitude at which the UAS encounters the 

wake. The Burnham-Hallock circulation model is used and the EDR is assumed to be 0.01 

ά Ⱦί .  As with the simulation in the previous section, the AI path-following controller is used.  

The vertical separation of the generating aircraft and the UAS can be determined based on the sink 

rate of the vortices [59-60].   

 

Figure 3-35.  UAS encounters wake generated by leader aircraft at a 90o relative angle (top view).  

 

Figure 3-36.  UAS encounters wake generated by leader aircraft at a 90o relative angle (side view). 

Three leader and three follower UAS of different sizes were considered; their specifications are 

given in Table 3-11 and Table 3-12.  

 

Follower Leader 
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Table 3-11.  Leader aircraft specifications. 

Leader Aircraft  
Mass Wingspan Take-off speed 

[kg] [m] [m/s] 

C 130 69,750 40 54 

Boeing 737 41,410 34 77 

Airbus A380 575,000 64 80 

  

Table 3-12.  Follower UAS specifications. 

UAS 
Mass Wingspan Cruise speed 

[kg] [m] [m/s] 

SkyHunter 4 1.8 14 

Boreas 6 2.4 17 

Argus 27 2.9 31 

 

Simulations were conducted for a range of Ὠ (which, along with LAS, defines ȹt = t1- t0) to 

determine the minimum safe distance (Ὠ ) for a specific leader-follower pair and relative angle. 

Two different criteria used to determine Ὠ  are shown in Table 3. These criteria are constructed 

using limits or bounds on the follower aircraftôs state variables, such as acceleration and angular 

rates. A failure or loss-of-control (LoC) event is assumed to occur if these bounds are violated. 

Table 3-13.  

Criteria for 

abnormal 

states.State 

variable 

Limits 

Relaxed 

(Criteria-1) 

Strict 

(Criteria-2) 

Z-acceleration, ὥ > ±3 g > ±3 g 

Roll-rates, P > ±60 deg/s > ±40 deg/s 

Pitch-rates, Q > ±30 deg/s > ±15 deg/s 

Yaw-rates, R > ±20 deg/s > ±10 deg/s 

 

 

Table 3-14.  Minimum safe lateral distances, do, (in kilometers) for 90 degrees relative angle. 

Leader Aircraft Follower Aircraft 
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SkyHunter Boreas Argus 

C130 
Criteria-1: 1.8 Criteria-1: 2.1 Criteria-1: 2.5 

Criteria-2: 2.1 Criteria-2: 2.5 Criteria-2: 3.5 

Boeing 737 
Criteria-1: 1.0 Criteria-1: 1.5 Criteria-1: 1.5 

Criteria-2: 1.5 Criteria-2: 2.0  Criteria-2: 2.5 

Airbus A380 
Criteria-1: 3.2 Criteria-1: 3.7 Criteria-1: 5.8 

Criteria-2: 3.7 Criteria-2: 4.2  Criteria-2: 7.4 

 

 

Table 3-15.  Minimum safe distances from leader aircraft takeoff (in kilometers) for UAS flight at 500 ft 

AGL. 

Leader Aircraft  
Follower Aircraft  

SkyHunter  Argus  

C130  
Criteria-1: 9.6  Criteria-1: 6.0  

Criteria-2: 11.0  Criteria-2: 8.6  

Boeing 737  
Criteria-1: 7.0  Criteria-1: 4.7  

Criteria-2: 10.0  Criteria-2: 8.0  

Airbus A380  
Criteria-1: 23.2  Criteria-1: 19.1  

Criteria-2: 24.6  Criteria-2: 24.5  

 

As in show in Table 3-15 the safe distance between leader aircraft and two different follower 

aircraft decreases as the size and cruise speed of UAS increases. Aircraft and UAS flight 

characteristics and safe distance criterion can be updated using KUôs safe distance program. 

 

3.1.3 Conclusions on modeling and simulation of UAS wake encounters and hazardous 

conditions 

Simulations of UAS response to wake vortex encounters have shown excursions in states such as 

angle of attack, pitch rate, and roll rate which are beyond what the flight dynamics models are 

intended to cover.  One way of using this information is to consider that if a UAS is likely to enter 

airspace in which it will encounter a wake vortex circulation which causes such departures from 

trim, it should be prohibited from entering that airspace. As such, classification of airspaces in 

terms of the maximum wake vortex circulation likely to be encountered may be appropriate.  The 

process to establish such airspace is essentially the same as that presented in Section 2.3. 

 Fully physics-based modeling using CFD for fixed wing UAS 

Theory, computation, and experiment are widely regarded as the triumvirate of the aircraft design 

process. However, for most practical applications such as aircraft stability analysis and flight 

controller design, a closed-form analytical theory is not possible. Because of this, researchers rely 

on extensive experimentation and computation to obtain accurate results. However, these two 

methods also pose their own shortcomings. Wind tunnel and flight tests, often seen as the apex of 
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data reliability, require expensive testing facilities and highly sensitive equipment. This is 

especially true for full-scale flight tests which take months of planning and financial investment. 

On the other hand, computations pose a less cumbersome alternative to data acquisition. However, 

their shortcomings can include mathematical modeling inaccuracies, long simulation time, and 

extensive validation. As a result, researchers often rely on using a combination of these two 

methodologies to establish conclusions. For example, in [26] the dynamic stability derivatives 

were evaluated for three spin-stabilized projectiles using steady-state CFD methods and compared 

to experimental results. It was found that although the roll damping and Magnus moments in the 

supersonic regime were shown to be adequately predicted, the accuracy of the CFD for the Magnus 

moment inside the subsonic and transonic regime could not be clearly defined. 

Another example is the investigation of the ability of Reynolds-Averaged Navier Stokes (RANS) 

simulations to predict the stability derivatives of the Standard Dynamics Model aircraft subjected 

to periodic pitch oscillations [27]. After comparing the computed stiffness and damping of the 

axial force, normal force, and pitching moment to experimental results, it was found that although 

the RANS solutions agreed satisfactorily in the low angle of attack range, the agreement strayed 

at higher angles of attack where non-linear aerodynamic phenomena became dominant. Similar 

computational-experimental comparisons of stability derivatives have been conducted by [28] and 

[29]. In [28], it was found that the static and longitudinal stability derivatives of the SACCON 

UAV obtained from computation agreed well with reference values. In [29], the same authors 

moved on to compute the dynamic stability derivatives of various missiles and aircraft using a 

variety of computational methods. After comparing empirical, semi-empirical, frequency-domain, 

and unsteady CFD results to experimental results, the authors concluded that time-dependent CFD 

methods provide the highest resolution but suffers heavily from computational requirements 

including simulation time. 

Although these comparisons provide a solid foundation regarding comparisons between 

computational methodologies and experiments for stability derivatives and aerodynamic 

coefficients, there are major gaps in the literature which need to be addressed. One such gap is that 

the majority of published studies are using low-order computational methods. Most of these studies 

only provide comparisons to lab-based experiments where free-flight disturbances such as 

environmental turbulence and gusts are not accounted for. One such example of this is the work 

of [30] which used StarCCM+ to study the drag characteristics of a tricycle-style UAV landing 

gear. In their work, a second order in space and time scheme is used and the results are compared 

to wind-tunnel experiments. The reliability of these types of studies can be enhanced by either 

using a high-order Navier-Stokes (N.S) solver to minimize modeling inaccuracies or by 

performing a real flight test where environmental factors are accounted for. Two such studies 

which incorporate at least one of these improvements is the work by [31] and [32]. In [31], the 

structural and longitudinal flight-dynamics of a 14.7-pound, flexible flying wing drone with a 

wingspan of ten feet is analyzed using an open source VLM and compared against flight test 

results. In [32], the aerodynamic behavior of two full-scale drone rotor wakes are simulated using 

a 4th order Delayed Detached Eddy Simulation. The computed results are then compared against 

experiment which consisted of mounting a single, isolated rotor to a test stand.  

The most reliable of studies, although scarce, is work which compares both high-fidelity, high-

order computation and real flight test data. To the best of the researchersô knowledge, the work 
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shown in [33] is the only example of high-order computational solutions being compared against 

real flight-test data. Furthermore, it is rare to find literature which compares low-fidelity 

computational methods such as the VLM to high-fidelity, high-order Implicit Large Eddy 

Simulation (ILES) methods and flight-test data. The primary contribution of this work will address 

this shortcoming. 

3.2.1 KHawk-55 UAS, problem description and computational meshes 

3.2.1.1 KHawk -55 UAS configuration 

Due to its simple geometry, a flying-wing UAS called KHawk-55 is studied in this paper. The 

KHawk-55 UAS was developed at the University of Kansas and is shown in Figure 3-37. It is a 

2.57 kg flying-wing UAS with a 1.4m wingspan. The vehicle is controlled by two elevons and an 

electric brushless motor. The vehicleôs mass properties and characteristics are summarized in 

Table 3-16.  

The KHawk-55 UAS is constructed primarily from EPO foam. The underside of the UAS is 

reinforced with fiberglass laminate to support belly landings. A multi-hole probe is mounted on 

the nose of the aircraft for airspeed and air flow angle measurement. An onboard Microstrain GX3 

Inertial Measurement Unit (IMU) measures the acceleration, angular rate, and attitude of the 

aircraft. A Ublox Leak-6H GPS receiver records position and velocity information. All peripheral 

hardware is connected to a Paparazzi TWOG autopilot which is used for command generation, 

automatic control, and data recording.  

 

Figure 3-37. Isometric view of KHawk-55 UAS platform. 

 

Table 3-16. KHawk-55 UAS specification. 

Mass (kg) Wingspan (m) Cruise Speed (m/s) Mean Aerodynamic 

Chord (m) 

Wing Area (m2) 

2.57 1.4 18 0.36 0.497 

Wingtip 

Chord (m) 

Wingtip Max 

Thickness (m) 

Wingtip Max 

Thickness Position 

From LE (m) 

Mean Aerodynamic 

Chord Max 

Thickness (m) 

Center Max 

Thickness Position 

From LE (m) 
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0.28 0.034 0.086 0.055 0.139 

 
3.2.1.2 Problem description 

Computation of two main types of aerodynamic parameters are addressed in this study: 1) 

Computation of total aerodynamic force and moment coefficients such as ὅȟὅ , ὅ and 

 ὅȟὅȟὅ, which can be used to support research such as prediction of aircraft turbulence 

response; and 2) computation of stability and control derivatives ὅ Ⱦὅ Ⱦὅ , ὅ Ⱦὅ Ⱦὅ , 

ὅ Ⱦὅ Ⱦὅ , which can be used to support research such as aircraft design, aircraft flight 

simulator, and flight controller design. 

To obtain as wide a variety of results as possible, low fidelity solutions are compared to a variety 

of low-and-high order, high fidelity computational solutions as well as flight test data. In addition, 

the high-fidelity computational results include both the full model as well as the half model with 

a symmetry plane assumption. 

It is worth emphasizing that there are inherited pros and cons for parameters identified from each 

of the three types of methods. Aerodynamic parameters identified from flight test are derived 

values estimated using frequency or time domain method, and as in other methods there will be a 

range of uncertainty [34, 35]. The flight identified aerodynamic parameters are widely used in 

flight controller design and aircraft flight simulation. However, certain parameters such as ὅ  or 

ὅ  are very difficult to measure accurately in flights. Low-fidelity CFD methods such as the 

Vortex Lattice Method can provide a relatively quicker estimate of all the stability and control 

derivatives at a reasonable accuracy using small perturbation analysis. However, VLM cannot 

estimate viscous drag. High-order CFD, like those used in this study, have the advantage of 

including viscous effects and turbulence modeling. However, they suffer from long computational 

times, and larger memory requirements.  

Results from this study will help determine when low-fidelity solutions are satisfactory for aircraft 

stability analyses or if a high-fidelity computation is required. This conclusion is essential due to 

the time-savings offered by low-fidelity computations. 

3.2.1.3 Computational grids 

For VLM, the wing geometry is divided into a set of lifting panels, and the total lift force is 

obtained by integrating lift on each panel individually. The KHawk55 geometry was divided into 

3 parts: fuselage, main wing, and winglet, as shown in Figure 3-38. Since the main wing is the 

main contributor to lift generation, it was meshed with a higher resolution compared to the fuselage 

and winglet. The main wing, fuselage, and winglet were meshed with 192, 30 and 5 panels, 

respectively. A convergence study was performed to determine this resolution, as it provided 

results consistent with higher resolutions without having large computation times. 
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Figure 3-38. 3D panel distribution and collocation points for tornado mesh. 

For the high-fidelity CFD domains, two sets of mixed meshes were generated in the proprietary 

meshing software, Pointwise: a half-model and full model. In both cases a spherical far-field with 

a radius of 100c, where c is the center chord, was used to prevent any turbulence-based reflections 

from occurring at the far-field boundary conditions. Table 3-17 and (21.0) display the mesh metrics 

for the grids at each of the tested angles of attack. It should be noted that since viscous effects were 

included in the high-fidelity simulations, all meshes included a refinement region in the boundary 

layer as shown in Figure 3-39. 

Table 3-17. High-fidelity CFD mesh metrics for zero degrees angle of attack. 

Simulation ID Mesh 

Order 

Number of 

Elements 

Number of DOFs per 

Equation 
ώ  

StarCCM (First Order 

Upwind) ï Half Model 

Linear 1,498,227 1,498,227 N/A 

StarCCM (Second Order 

Upwind) ï Half Model 

Linear 1,498,227 1,498,227 N/A 

StarCCM (Third Order 

MUSCL) ï Half Model 

Linear 1,498,227 1,498,227 N/A 

HpMusic (p = 1) ï Half Model Quadratic 198,470 1,023,170 1.95 

HpMusic (p = 2) ï Half Model Quadratic 198,470 2,904,191 1.35 

HpMusic (p = 3) ï Half Model Quadratic 198,470 6,271,624 1.06 

HpMusic (p = 2) ï Full Model Quadratic 1,029,840 16,164,019 0.94 
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Table 3-18. High-fidelity CFD mesh metrics for six degrees angle of attack. 

Simulation ID Mesh Order Number of 

Elements 

Number of 

DOFs per 

Equation 

ώ  

HpMusic (p = 1) 

ï Half Model 

Quadratic 198,470 1,023,170 1.99 

HpMusic (p = 2) 

ï Half Model 

Quadratic 198,470 2,904,191 1.41 

 

  
  

(a) Section view of HpMusic half-wing 

mesh 

(b) Section view of StarCCM half-wing 

mesh 
  

  
  

(c) Section view of HpMusic full-wing 

mesh 

(d) Isometric view of HpMusic full-wing 

mesh 
  

Figure 3-39. Computational renderings of KHawk55 mesh. 
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3.2.2 Flight test based system identification of UAS dynamics 

3.2.2.1 Equations of motion 

In the flight dynamics field, linearized models are commonly used to predict the forces and 

moments generated by an aircraft. Furthermore, the equations of motions themselves can be 

linearized to express the aircraft dynamics in state space form. These models provide an accurate 

representation of the aircraft dynamics around the trim condition. Typically, the aircraft dynamics 

are separated into 3DOF longitudinal and lateral-directional models, which are assumed to be 

decoupled. 

Often, the focal point of the aircraft system identification process is to accurately estimate the 

stability and control derivatives. These constant terms are used to compute the lift and moment 

coefficients as a function of the aircraft state. The linear equations for the longitudinal forces and 

moments; lift, drag, and pitching moment, are given by  

 ὅ ὅ ὅ ‌ ὅ ή ὅ  (17a) ‏

 ὅ ὅ ὅ ‌ ὅ ή ὅ  (17b) ‏

 ὅ ὅ ὅ ‌ ὅ ή ὅ  (17c) ‏

where ‌ is the angle-of-attack, ή is nondimensionalized pitch rate, and ‏ is the elevator surface 

deflection. The lateral-directional force and moment coefficients can be defined similarly. At 

steady state flight, the aircraft pitch rate is zero, and the longitudinal equations simplify to 

 ὅ ὅ ὅ ‌ ὅ  (18a) ‏

 ὅ ὅ ὅ ‌ ὅ  (18b) ‏

 ὅ ὅ ὅ ‌ ὅ  (18c) ‏

3.2.2.2 System identification approach 

In previous works, decoupled, linear state space models were identified from flight test data 

through system identification techniques. Piloted and automated frequency sweep maneuvers were 

performed to excite the UAS dynamics over a designed frequency range. Then, frequency response 

functions were generated from perturbation flight data and linear state space models were 

identified to fit to the measured frequency response. This capability was performed using CIFER, 

a commercial system identification software package. More information regarding the system 

identification results and procedure can be found in [36] and [37]. 

Identified models were validated with other flight data and then used to compute the 

nondimensional form of stability and control derivatives, such as those shown in (17). Monte Carlo 

style simulation was employed to compute the statistics of stability and control derivatives and to 

provide confidence intervals that will be used as a guideline for comparison with CFD results later 

in this study [37].  

3.2.3 Low-fidelity numerical method 

VLM is one way of estimating forces and moments on the aerodynamic surface. VLM is based on 

linear equations, which allows for rapid calculation of aerodynamic forces and moments [9]. 
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Comparatively, high-fidelity CFD methods are based on the Navier-Stokes equations, typically 

resulting in higher accuracy but longer computation times when compared to VLM.  

VLM was used to calculate aerodynamic forces and moments, and stability and control derivatives 

to provide comparison with high-fidelity CFD results. This was implemented via Tornado-VLM, 

an open source MATLAB toolbox [9]. VLM is developed based on lifting surface theory with 

Kutta-Jukovski theorem applied on each individual panel. The forces and moments are calculated 

by: 

 

Ὂ ”ὠ  ɜὰ  (19) 

 

 ὓ Ὂ ὶ (20) 

 

where,  

 

ὠ ὠ ὅὕὒὒὕὅ  ὴȟήȟὶ  (21) 

 

and ” is the air density, ὰ is the vortexôs transverse segment vector, ὠ  is the freestream wind 

velocity, and ὅὕὒὒὕὅ  is the collocation point, and ὴȟήȟὶ are the Euler angular velocities (roll 

rate, pitch rate and yaw rate). 

All the aircraft stability and control derivatives can be computed automatically in Tornado by 

applying a small perturbation to the aircraft states and approximating the derivatives from the finite 

difference.  

3.2.4 High-fidelity numerical methods 

3.2.4.1 Finite Volume Method 

Some results in this work were generated using a commercial CFD package called STAR-CCM+. 

This package is based on the finite volume method and offers both low-and-high order 

computational schemes. For this work, the first and second order upwind schemes were used to 

produce the low spatial order results. Additionally, the third-order Monotonic Upstream-centered 

Scheme for Conservation Laws (MUSCL) was used to generate the high-order results by extending 

the stencil. The second-order BDF2OPT scheme was used for temporal integration. Lastly, 

because variable gradients are required at cell centers and at cell-face centers, the Hybrid Gauss-

Least Squares was used for gradient reconstruction. 

3.2.4.2 FR/CPR Method 

A high-order Large Eddy Simulation (LES) tool called hpMusic [38] is used in the computational 

study. The tool is based on Flux Reconstruction (FR) or Correction Procedure via Reconstruction 

(CPR) method originally developed in [39] for hyperbolic partial differential equations. The 

method is capable of handling mixed unstructured meshes [40, 41] and also has some recent 

advancements in terms of highly-scalable GPU capability [42] and far-field aeroacoustic 

prediction methods[43]. Further developments were made to this tool and a review was presented 

in [44, 45]. This method belongs to discontinuous finite element methods, similar to the 

discontinuous Galerkin [46] and spectral difference [47] methods, but also has some unique 

advantages. Here is presented a brief introduction of the/CPR method starting from a hyperbolic 
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conservation law governing inviscid flow. 

 Ћἣ

ЋÔ
Ͻɳἐἣ π (22) 

 

with initial and boundary conditions, where the vector U consists of conservative variables, and F 

is the flux. By discretizing the computational domain with non-overlapping elements, and 

introducing an arbitrary test function • in each element, the weighted residual formulation of (22) 

on element Vi can be expressed as 

Ћἣ

ЋÔ
Ͻɳἐἣ

 

•Äɱ πȢ (23) 

 

The conservative variables inside one element are assumed to be polynomials and expressed by 

nodal values at certain points called solution points. After applying integration by parts to the 

divergence of flux, replacing the normal flux term with a common Riemann flux Ὂ  and 

integrating back by parts, resulting in 

 

Ћἣ░
ЋÔ

 

•Äɱ •ɳ Ͻἐἣ

 

Äɱ •Ὂ Ὂ ἣ

 

Ä3 π (24) 

Here, the common Riemann flux is computed with a Riemann solver 

 

Ὂ Ὂ ἣȟἣ ȟἶ (25) 

 

where Ui+ stands for the solution outside the current element, and n denotes the outward normal 

direction of the interface. The normal flux at the interface is: 

 

Ὂ ἣ ἐἣ Ͻἶ (26) 

Note that if the face integral in (24) can be transformed into an element integral then the test 

function will be eliminated. In order to do so, a ñcorrection fieldò ‏ is defined in each element as 

 

 
‏•

 

Äɱ •Ὂ

 

Ä3 (27) 

 

where Ὂ Ὂ Ὂ ἣ  is the normal flux jump.  Equations (24) and (27) result in 

 

 Ћἣ░
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•Äɱ π (28) 
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The final formulation for each solution point j is 

 

 Ћἣȟ

ЋÔ
ɩ Ͻɳἐἣ ȟ‏ π (29) 

 

where ɩ denotes a projection to the polynomial space, and subscript j denotes the j-th solution 

point in a certain element. 

For viscous flux involving the gradient of conservative variables, the researchers used the Bassi-

Rebay 2 scheme [48]. No sub-scale stress models are used. Therefore, the present simulations are 

called ILES. For under-resolved flow features, the researchers employed an accuracy-preserving 

limiter to stabilize the simulation [49]. 

For problems with complex geometries, it is very challenging to generate a mesh without any bad 

elements, which may have nearly diminishing cell volumes. If a globally explicit time integration 

scheme is used, the global time step will be extremely small, making the simulation very 

expensive. With implicit schemes, the time step can be usually selected based more on the physical 

requirement. In the present study, the researchers employed an optimized backward difference 

formula, which is second-order accurate and A-stable (BDF2OPT)[50], and involves four time 

levels. The researchers employed an LU-SGS solver for the implicit system [51]. 

 

3.2.5 Results and discussions 

In order to assess the performance between low-and-high fidelity computations against flight test, 

a variety of performance metrics were analyzed. These metrics include force and moment 

coefficients for two angles of attack and stability derivatives. Furthermore, to examine the reliance 

of the computational flow field on spatial order of accuracy, surface pressure coefficient profiles, 

and isosurfaces of Q-criteria are presented. It is important to note here that when applicable, the 

results are also compared against óuncertainty valuesô. These uncertainties are estimates of 

variances for the identified parameters; where variance is defined as the square of the standard 

deviation. In essence, confidence intervals represent the probability  that the measured value lies 

within the upper and lower bounds. These confidence intervals are generated using extraneous 

factors such as numerical noise which may be included in the experiment. 

The Reynolds number based on center chord, Rec, was set to 444,000 to match the flight test 

condition and all CFD simulations for this work were conducted using the High Performance 

Computing Cluster at the University of Kansas. The cluster features a range of CPU and GPU 

hardware. 

Lastly, a note regarding terminology. In this study, terms such as low-and-high fidelity and low-

and-high order are used. Initially, these may seem interchangeable, but they are not. Low and high 

fidelity refers to the ability to which the underlying governing equations of the solver are able to 

describe the physical phenomena. For example, VLM, like the one implemented in Tornado, is 

based on potential flow theory. This theory does not include temporal transience, rotationality, 

along with a variety of other physical phenomena. This is why it is labeled a low-fidelity solver. 

On the other hand, high-fidelity solvers utilize the full-N.S equations which totally describe all 

aspects of fluid flow such as viscous effects, turbulence, etc. However, since solvers that attempt 

to approximate the full N.S equations can have varying orders of spatial accuracy, this is where 
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the term low-and-high order solutions stems from. In essence, low-and-high order solutions are a 

subset of high-fidelity solutions. 

3.2.5.1 Force and moment coefficients 

The lift coefficients obtained by each case for zero- and six-degrees angle of attack are shown in 

Table 3-19 and 23.0. It is readily apparent that strong agreement between all of the computed 

solutions is obtained. This agreement is strongest for zero degrees angle of attack and less so for 

six degrees angle of attack. However, none of the computed solutions were able to match the flight 

test results within acceptable limits. For zero degrees angle of attack, the computational solution 

that matches closest to flight test data is the result obtained by Tornado. On the other hand, for six 

degrees angle of attack, the computed solution which lies closest to the flight test results is the full-

model, third-order (p=2) HpMusic simulation. Lastly, there is a clear tendency of computed results 

to underpredict the lift coefficient. The solutions which lie closest to the flight test results for each 

angle of attack are isolated and plotted in Figure 3.11.  

Table 3-19. Lift coefficient (CL) results for zero degrees angle of attack. 

Case ID 
Measured 

CL 

Percentage Difference to Flight 

Test 

Flight Test 0.3433 N/A 

HpMusic (p=1) ï Half Model 0.0706 -79.4 

HpMusic (p=2) ï Half Model 0.0735 -78.6 

HpMusic (p=3) ï Half Model 0.0677 -80.3 

HpMusic (p=2) ï Full Model 0.0650 -81.1 

Tornado (VLM) ï Full Model 0.1233 -64.1 

StarCCM+ (First Order Upwind) ï Half 

Model 
0.0659 -80.8 

StarCCM+ (Second Order Upwind) ï Half 

Model 
0.0655 -80.9 

StarCCM+ (Third Order MUSCL) ï Half 

Model 
0.0706 -79.4 

 

Table 3-20. Lift coefficient (CL) results for six degrees angle of attack. 

Case ID Measured CL Percentage Difference to Flight Test 

Flight Test 0.8221 N/A 

HpMusic (p=1) ï Half Model 0.4859 -40.9 

HpMusic (p=2) ï Half Model 0.4991 -39.3 

HpMusic (p=2) ï Full Model 0.5200 -36.8 

Tornado (VLM) ï Full Model 0.5014 -39.1 
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Figure 3-40. Total lift coefficient (CL) at zero- and six-degrees angle of attack. 

The drag coefficients at zero-degree and six-degree angles of attack are presented in Table 3-21 

and 25.0 respectively. It is observed that the clustering between the computed solutions is less 

compact when compared to the clustering achieved for the lift coefficient. At zero degrees angle 

of attack, the outliers from the computational clustering are Tornado and the first order upwind 

STAR-CCM+ result. For six degrees angle of attack, the variation between the computational drag 

coefficients are much higher than the zero degrees angle of attack case and is mainly attributed to 

the results obtained by Tornado and the third-order (p=2) full-model HpMusic simulation. 

Although the agreement between computed solutions is not as compact as the results for the lift 

coefficient, the overall ability of the computed solutions to fall within the uncertainty limits of the 

flight test improved, as shown in Figure 3-41. At this point it is worth noting that the Tornado 

results have fallen within the flight test uncertainty band for only one of the four tested cases. 

Lastly, as was the case with the lift coefficient, it is worth noting that an under-predictive trend is 

again observable in the computational results. 

Table 3-21. Drag coefficient (CD) results for zero degrees angle of attack. 

Case ID 
Measured 

CD 

Percentage Difference to Flight 

Test 

Flight Test 0.0204 N/A 

HpMusic (p=1) ï Half Model 0.0145 -28.9 

HpMusic (p=2) ï Half Model 0.0175 -14.2 

HpMusic (p=3) ï Half Model 0.0151 -26.0 

HpMusic (p=2) ï Full Model 0.0150 -26.5 

Tornado (VLM) ï Full Model 0.0012 -94.1 

StarCCM+ (First Order Upwind) ï Half 

Model 
0.0318 55.9 

StarCCM+ (Second Order Upwind) ï Half 

Model 
0.0198 -2.9 

StarCCM+ (Third Order MUSCL) ï Half 

Model 
0.0188 -7.8 
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Table 3-22. Drag coefficient (CD) results for six degrees angle of attack. 

Case ID Measured CD Percentage Difference to Flight Test 

Flight Test 0.0849 N/A 

HpMusic (p=1) ï Half Model 0.0668 -21.3 

HpMusic (p=2) ï Half Model 0.0688 -19.0 

HpMusic (p=2) ï Full Model 0.0360 -57.6 

Tornado (VLM) ï Full Model 0.0157 -81.5 

 

 

Figure 3-41.  Total drag coefficient (CD) comparison at zero- and six degrees angle of attack. 

Table 3-23 and 27.0 shows the pitching moment at six-degree angle of attack respectively. Here, 

the computational clustering is stronger than that of the drag coefficient but weaker than the 

clustering obtained by lift coefficient. For zero degrees angle of attack it can be seen that the third-

order (p=2), full-model, HpMusic simulation, as well as the low-fidelity Tornado result in the 

closest value to the flight test. At six degrees angle of attack the third-order (p=2) half model, 

HpMusic simulation was able to match the flight test result to within one percent of deviation. 

Furthermore, all computed solutions were able to stay within the flight test uncertainty band for 

both angles of attack, as shown in Figure 3-42. 

Table 3-23. Pitching moment coefficient (Cm) results for zero degrees angle of attack. 

Case ID Measured Cm Percentage Difference to Flight Test 

Flight Test -0.0278 N/A 

HpMusic (p=1) ï Half Model -0.0340 -22.3 

HpMusic (p=2) ï Half Model -0.0350 -25.9 

HpMusic (p=3) ï Half Model -0.0320 -15.1 

HpMusic (p=2) ï Full Model -0.0290 -4.3 

Tornado (VLM) ï Full Model -0.0285 -2.5 
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Table 3-24. Pitching moment coefficient (Cm) results for six degrees angle of attack. 

Case ID Measured Cm Percentage Difference to Flight Test 

Flight Test -0.0667 N/A 

HpMusic (p=1) ï Half Model -0.0670 -0.4 

HpMusic (p=2) ï Half Model -0.0720 -7.9 

HpMusic (p=2) ï Full Model -0.0780 -16.9 

Tornado (VLM) ï Full Model -0.0520 22.0 

 

 

Figure 3-42. Pitching moment coefficient (Cm) comparison at zero and six degrees angle of attack. 

After analyzing Figure 3-40, [44.0, and [45.0, it is apparent that Tornado is less accurate than N.S 

style methods at six degrees angle of attack. Of the three coefficients measured at six degrees angle 

of attack, Tornado was able to fall within the flight test uncertainty band for only one of them. 

However, at zero degrees angle of attack Tornado is able to provide similar results to the high-

fidelity CFD results for lift and pitching moment and stay within the flight test uncertainty band 

for the drag coefficient. This indicates that low-fidelity VLM methods may still be used for this 

type of configuration at zero degrees angles of attack if used with enough panels to ensure 

resolution requirements are met. On the other hand, high-fidelity N.S solvers which utilize either 

a half-model or full model approach seem to produce the most reliability across all of the tested 

coefficients. However, one must take in to account the orders of magnitude more time it takes to 

generate a high-fidelity solution compared to a low-fidelity solution. Interestingly, high-order 

results for this application do not see much improvement over low-order results, indicating that 

low-order methods may be sufficient. Lastly, there is a clear tendency for the computed results to 

under-predict the tested coefficients when compared to flight test. 

It should be noted that the bias terms in (18), ὅ ȟὅ ȟ and ὅ , can be unreliable when estimated 

from flight data, especially when using frequency domain methods. These terms contain 

information about the trim condition, biases in the measurements, and modeling errors. As such, 

these terms often vary from flight-to-flight, especially for small, low-cost UAS which are prone to 

imperfections and asymmetries in their construction. As such, the flight test-identified stability 
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derivatives, which are found in the sequel to this section, may serve as a more reliable reference 

point.   

3.2.5.2 Stability derivatives 

Because the force and moment coefficients were obtained for two separate angles of attack, a 

central difference can be carried out to obtain the stability derivatives. These stability derivatives 

are shown in Figure 3-43, [47.00, and [48.0. In Figure 3-43, it is observed that all of the HpMusic 

simulations, regardless of geometrical model or spatial order of accuracy, fall within the band of 

flight test uncertainty. Furthermore, the full model, third-order (p=2) HpMusic solution obtains 

the value closest to that obtained by the flight test. In terms of clustering, the two half-model 

HpMusic simulations agree to within 3% of each other, indicating that p-order convergence has 

been obtained. Lastly, it is shown that the results obtained by Tornado lie just outside the flight 

test uncertainty band. 

 

Figure 3-43. Comparison of ὅ  between flight test and computations. 

In Figure 3.15, it is again seen that there is significant agreement between the low-and-high order 

half model HpMusic simulations. Both of these simulations fall within the flight test uncertainty 

band, indicating satisfactory agreement with flight test results. However, in contrast to the lift 

slope, the third-order (p=2) full model HpMusic simulation now sits just outside of the uncertainty 

band, similar to the Tornado results. This mismatch in ὅ  between the HpMusic full model and 

HpMusic half model is mainly attributed to the disagreement which occurs at six degrees angle of 

attack (See Table 3-22). Although unexpected, several probable factors have been identified as a 

cause for this mismatch. The most probable is the difference in mesh resolution. The full-model 

mesh is more than four times finer than the half body discretization and has a much thinner mesh 

to capture the boundary layer (See Figure 3-39). Another factor is the limiter setting used in the 

simulations. The limiter was much more active in the half-model simulations, limiting 

approximately 2% of all elements, than for the full body mesh which had the limiter activated for 

only ~0.006% of all elements. The last factor, which is analyzed more in depth in the following 

section, is the difference in boundary conditions. The half-model simulations include a symmetry 

plane boundary condition at the mid-span location. This boundary condition acts as a slip-wall 

which is not included in the full-model mesh. Although these factors have been identified as 
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potential causes for the drag slope mismatch, the determination of the true cause is still under 

review. 

 

Figure 3-44. Comparison of ὅ  between flight test and comparison. 

In Figure 3-45, it is observed that Tornado lies outside the uncertainty band. On the other hand, all 

of the HpMusic simulations agree within 95% uncertainty to flight test. It is interesting to note 

here that the clustering observed between ὅ and ὅ  for the HpMusic simulations using the half 

model is now significantly diluted. This suggests that high-order methods are required if ὅ  is 

desired. 

 

Figure 3-45. Comparison of ὅ  between flight test and computations. 

To summarize the results shown for the stability derivatives, it was found that Tornado was not 

able to predict any of the stability derivatives to within 95% of flight test uncertainty. This again 

reinforces the notion that VLM methods are less accurate than N.S style methods. On the other 

hand, high-fidelity simulations, regardless of order or geometrical model used, tend to be much 
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better suited in predicting the stability derivatives for this application. Lastly, the dilution in 

clustering between computed results when progressing from ὅ and ὅ  to ὅ  suggests that for 

ὅ and ὅ , low order N.S-style simulations are sufficient whereas high-order methods are 

required if ὅ  is desired. 

3.2.5.3 Flow topology via CFD 

To assess the differences between computational order of accuracy and geometrical model used, 

additional comparisons of the flow topology via temporally averaged surface pressure coefficient 

and instantaneous Q-criteria were carried out.  

In regard to the temporally averaged surface pressure coefficient shown in Figure 3-46a, it can be 

seen that all high-order solutions, regardless of model used, experience strong agreement up to 

70% chord location. After 70% chord, the second and third order (p=1 and p=2) half model begin 

to deviate from the fourth order (p=3) half model and the third order (p=2) full model. This 

deviation in the results reaches its maximum point at approximately 90% chord. For the six degrees 

angle of attack case, shown in Figure 3-46b, it is observed that the deviation occurs mainly in 

vicinity of the Leading Edge (LE) instead of the Trailing Edge (TE). However, this deviation is 

primarily located on the suction side of the wing and is mainly attributed due to oscillations in the 

low-order solution. It is important to note here that even with the presence of the small oscillations 

for the low-order N.S solution shown in Figure 3-46b, the overall behavior of the surface pressure 

coefficient is the same.  

These results indicate that the spatial order of accuracy for N.S solvers plays a much larger role 

than geometrical symmetry assumptions in determining proper flow representation. If accurate 

resolution of the surface flow topology is desired, a high order method must be used to avoid 

oscillations in the results. 

(a.) Zero Degrees Angle of Attack
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(b.) Six Degrees Angle of Attack 

 

Figure 3-46. Time-averaged surface pressure coefficient measured at quarter span location. 

Lastly, the isosurfaces of instantaneous Q-criterion colored by streamwise velocity are shown in 

Figure 3-47 and [51.00. All simulations seem to detect several distinct flow features. The first is a 

gradual laminar to turbulent transition along the aft portion of the suction side of the wing which 

quickly elevates to large-scale structures aft of the TE. The second is a delta-wing type vortex 

which begins at the LE of the wingtip, splits into two distinct vortices which travel along the 

streamwise direction of the wingtip and coalesces into one large turbulent region aft of the wingtip. 

One important discrepancy between the half and full model geometries is the flow at the mid span 

(symmetry) location. It can be seen that all half-models, regardless of angle of attack or spatial 

order of accuracy, display elevated levels of turbulence at this location when compared to the full 

model. This is attributed to the symmetry plane boundary condition which acts as a slip-wall. 

Furthermore, although the turbulence resolution increases in proportion to the spatial order of 

accuracy, the largest difference in turbulence resolution occurs between the low-order (p=1) and 

high order (p=2) solution. This is observed for both angles of attack and suggests that if an accurate 

depiction of the turbulent scales is desired, a spatial order of accuracy of p > 1 should be used.  
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Figure 3-47. Isosurfaces of instantaneous Q criterion colored by streamwise velocity for zero angle of 

attack. 
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Figure 3-48. Isosurfaces of instantaneous Q criterion colored by streamwise velocity for six 

degrees angle of attack. 

3.2.6 Conclusions for CFD analyses 

The aerodynamic coefficients and stability derivatives generated by a variety of low-and-high 

fidelity computational simulations were compared to flight test identified parameters for a small 

flying-wing UAS. It was found that at zero angle of attack, low-fidelity CFD methods such as the 

VLM offered comparable results to those obtained by low-and-high order N.S solvers. This 

suggests that VLM methods, such as the one offered by the open source code, Tornado, offers a 

suitable alternative to measure lift, drag, and pitching moment coefficients if the underlying low 

angle of attack assumption is not violated. However, at six degrees angle of attack, high order N.S 

solvers are recommended to obtain values similar to flight test identified parameters. In terms of 

stability derivatives, VLM methods provide less accurate results compared to N.S style methods. 




























































































































































































