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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 inaduarearinediircraft System

(UAS) wake vortex encounte(8VVE) and the severity of ing 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 takeo address WVES to ug 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 otis research is taupport 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 angrowdnods to
support rulemaking 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 assesgNgresponse 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 imesg#s®

What are the important parameters when assessing the potential for flutter fewifiged
UAS?

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

= =4 -4 -4 -9

The key findings are:

1 Wake vortices from large aircraft pose a siigaint risk of upset to small UAS over long
distances, up to ditiple miles, below the path of the wakenerating aircraft, including
directly below and laterally in the presence of a crossl.

1 The severity of an adverse UAS wake vortex encounter iasltite possibility of either
loss of control or structural failudepossibly leading to impact with the ground.

1 When the ratio of wakeduced velocities to UAS cruise velocity is highlinear
aeralynamic models used for response simulation fefithifully predict UAS response.

1 The severity of adverse UAS wake vortex encourdansbe reduced to the severity of
encounters with ambient meteorological conditions by physical segregation from volumes
of airspace belowand alongsideknown, large aimaft flight paths.

1 The severity of adverse UAS wake encoumtéght be able to beeduced 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 cgnéra especially if significant
excess thrust is available to Apower throu

1 The potential of theability to predict the approach to the loss of control (e.g., using the
aircraftdéds state and adopimitigabirigguidangewedmmandsr r el a
(e.g, increasing cruise velocityinay prowe to beuseful for autonomouslyavoiding
unrecoverable loss of control.
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1 Reducingfer the expectedincertainties in engineering level dynamic modéi®ugh
system identification flight testing is essential to reliably predict the respndASs
during wake vortex encounters

1 Flights through air velocity fields representative of wake vortices prameemethod 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.

1 Flights through actudérge aircraft vorticearethe best type of flight tesb assess UAS
response to a WVE

1 The stiffness and mass distribution of a UAS wing must be known and verified by ground
vibration testing to assess flutter risk.

1 Flight testing of a wing is esseailtif it has a predicted, adensityadjusted flutter speed
approaching the maximum expected dive speed.

Key Conclusions:

The comparisons between physised simulations and actual flight test validations highlight the
shortcomings of UAS.inear Time-Invariant (LTI) dynamic models in predictirggnall Unmanned
Aircraft System $UAS) response to a wake vortex encountéithough nonlinear 6 Degree of
Freedom (6DOF) simulations retain some degree of nonlinear effects (i.e. the coupling of lorigitudina
and lateral stateshheycannot capture the accurate response of hazardous wake endcoecaerse of

the use ofinear aerodynamimodels These issues are rooted in the unsteady and nonlinear nature of
aerodynamic forces and moments during UAS waksemters. Complex time and angular rate
dependent couplings between dynamic states cannot be captured by simplified, engieedriimgar
dynamic models. This is why the aerodynamic forces predicted in the simulations deviate significantly
from actualvalidation flight tests.

The research team recommetius following for potential followon work

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

o Some method of identifying wherthe wakes are, for instance, using ABS
transmisgns from the generating aircraft poovide guidance as well as adequate
separation

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

o Simulations which predict the response.

91 Further development of a process to mitigate the risk of UAS dbsontrol in a wake
vortex encounter by physical separation distances.
1 To enhance the simulation capabilities to capture the extreme response:

o Continue development of the ndinear force, moment and propulsion algorithms
pioneered in the current resela.

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 oSW#set due to wake encounter and
flutter.

The approach takeo assess the severity aMWVE 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 developedre general in nature and can be used to extrapolate to a wider range. of UAS

The overall benefit of this research is tipport safe integration of UAS into NAS by assisting the
FAA assess risks of UAS upsets due to wake vortex encounters and flutity. eds such the
results of simulation and testing are aimed at providing methods to suppemakileg by the
FAA.

1.1  Background

Wake vortex encounters for crewed aircraft are known to be a safety hezamlich 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 abéthe procesdo predict thd e v e | of v owhithe x fist
would be expected to cause loss of contrbhere are several models of wake vortices which
predict vortex strength as a function of time since vortex generation aBddi®issipationRate

(EDR) in the ambient atmospheric state. Therefore, vortex strength can be prasi@techction

of theproperties of thevakegenerating aircrafthat is, weight, flight velocity and wingspaBut,

especially when the vertical component of a vortex is large with respeciiogpeed of the UAS,

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

Further, much is known about the avoidance of wind) @mpennage flutter of crewed aircraft.
Extensive analysis and flight tésaind, often wind tunnel tests welb are used to certify a wing
against flutterHowever,especially because UAS and crewed aircraft wingsvasty different
structural conceptsittle is known about the steps needed to avoid wing and empennage flutter in
a UAS.

1.2 Researchquestions

What are the important parameters when assessing UAS response to wake vortex encounters?
What is the severity of UAS upset due to wake vortex encolnters

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?

= =4 =4 -8 8 9

A gaps analysis was conducted and reported in the Research Task Plan. The key findings with
regard to wake vortex encounter were:



1 Many wake vortex models have been devetbpnd 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 iftilg surfaces

= =4

1.3 Topilevel answers to research questions
The key findings, listed in terms of the research questions from the sponsor follow.

1 The most important parameters to assess UAS response to wake vortex encounters:
o Vortex strength
o0 Ratio of UAS vebcity to wake vortex velocity
0 Robustness of controller, especially the ability to identify onset of loss of control
o Availability of reserve thrust to power through a wake encounter
1 Severity of UAS upset due to wake vortex
0 Possible structural failure due to high accelerations
0 Loss of control, potentially hitting crewed aircraft, but more likely people or property
on the ground
1 Mitigate theseverity of UAS upseh a wake vortex encaer
0 Spatial and/or temporal separation from vortidesth vertically and horizontally,
based on commercial aircraft flight paths their wakes descend and drift in cross
winds
o High robustness controllers for UAS
o Reserve thrust for UA&ith controllers capable of identifying potential loss of control
1 Degree oflight testing required to validate wake encounter assessments
o Flight testingis required to validate aircraft dynamic modés use in simulation
otherwise, uncertainty limithe usefulness of modelling.
o Flight testing tdoss of control necessary to establish bounds of operatimtional
flight up to and beyondtall has been shown to be one way of establishing bounds

1 The most important parameters when assessing the ipbtenflutter for fixed wing UAS
o0 The stiffness and mass distribution of a UAS wirgnd the natural frequencies of
vibratiori must be known and verified by ground vibration testing to assess flutter risk.
1 Thedegree of flight testing is required to validdlutter potential assessments
0 Flight testing of a wingo at least thenaximum expected dive speed is essential

1.4 Navigating this document

Section 2covers the use cases studied, tasics of the wake vortex models used, and the
description of largéans/wind machines used to simulate segments of wake vortices for the flight
tests conducted.

Section 3focuses orsimulation offixed wing UAS modelencountering a wake vortex. wd
physicsbasedmathematical modelare presentedhe Vortex Lattie Method (VLM) andthe
Linear Wind Field MethodLWFM). Using the LWFM, attitudéold controllers are used for the
simulations. Themnother model using the VLM faerodynamic forces and moments isdjse
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but with nortlinear lift curve coefficientsas an attept to include one of many known non
linearities. Finallya pathfollowing controlleris used for simulated wake vortex encountéiise
simulationmethodausedare representative afailableengineeringevel modelling techniquea
simulation A range ofcandidate methods of predicting entry into loss of control arsepted
including heuristics, such diely un-recoverable pitch ratedimits of control authority and
exceedance of stall angle of attadgkamgothers A nowel method for loss of control prediction,
the Sliding Window Correlatio(SWC)method is also presentadd shown to be useful for flight
data The sectiorthenmoves to aliscussion othe validatiorflight testingconducted, simulation
of theflight tests conducted angsing the SWQo identify entry into loss of controlEmbedded
in the section is &engthydiscussion of the importance of proper tunagignathematical models
through flight testing.

Sectiord focuses on multirotor response to wake izes.

Section 5 describes the desiganstructionand flight test of a UAS flutter flight test vehicle

2 UAS WAKE ENCOUNTER DESCRIPTION

2.1 UAS usecasesstudied

Wake vortex encounters can oceunena UAS flies behind or below a wake voriggnerating
aircraft. Since most UAS currently fly below 400 fégboveGroundLevel AGL), the most likely
location for an encounter is near amival or departurgath at arairport, specifically below and
beside commercial aircraft takeoff and landing glide slopes. As suast,of the simulatios
reported herarefor UAS flight through aircraft wake vortices at a varietyti@jectoryfi c ut 0
angles, ranging from a path peralicular to the direction of the wakenerating aircraft, to a path
parallel to the path of the generating aircrafigure2.1 depictstwo UAS encounter scenarios
below the wake vortex pair offavakeg e ner at i tagdingai rcr aft o

UAS Ground Path

-

- Generating Aircraft b,
= Ground Path e
<= UAS Ground Path Runway

Figure2-1. Two UAS encounters with a descending wake vortexfpam an arriving aircratft.

For a given flight altitude,hie severity of theencounter in &0 degreeor some smalledegree
Acut 0 b e heiisaflnctioh & thetimgor distancepince the wake was generated as well
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as theeddy DecayRate EDR). Therefore, if it is known at what vortex strengéhloss of control
is likely,a A sdastnedrom the end of the runwayan be determined Simulation of such

wake encounters are presented in this report.

Twin Vortices Path
Ter Crosswind

Twin Vortices Path *._ h
Without Crosswind =2

Generating Alreraft
Ground Path

- — T
Rumway — UAS Ground Paih

Figure2-2. UAS encounter with a wake vortex gaifrom a departing airaftd whichis descending
and beinglown laterally by a crossvind.

Figure2-2 depicts a UAS encounter with the wake vortex pair of a generating aircraft on departure
whi ch has been Abl -wiwnh Bord givénesaortexistrepgthpbBDR and eras s s

wind, there is dateraldistance fom the runwayt whicha UAS may be put into loss of control.
Simulations of this type of wake encounter are also presented in this report.
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T S

- CGieneraling Aircra
= Ground Path

-
-
TAS Ground Path
-
- Runway . \
oy

Figure2-3. UAS encounter with a wake vortex pd@scending below a departing aircraft.

Figure2-3 depicts a UAS encounter with the wake vortex paé @énerating aircraft after takeoff
which is sinking in the absence of a cregad. This type of encounter is also presented herein.
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2.2 Wake vortex modelsused 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 fdowing 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 gjit§peed

Many wake vortex models i@ been developed and used for simulation of wake flow fields
generated by manned aircr§#|. Two types of widely used wake models are flow field models
(e.g., LambOseen, Burhaniallock, Proctof3]) and wakdransport andlecayprediction models
(e.g.,Aircraft Vortex Spacing SystefRVOSY) including AVOSS Prediction AlgorithnfAPA),
Terminal Area Simulation Syste(MASS) Driven Algorithms for Wake PredictiomDP) [4], and
thedeterministic 2Phase Modg[D2P) [5]). The BurnharrHallock flow field model and Sarpkaya
decay modelvereselected in this project due to their wide uses in air traffic management.

2.2.1 Burnham-Hallock Model

The BurnharrHallock model is a flow field model that describes the wake velocity faic
single wake vortexn a 2D plane perpendicular to the vortex rotational axis. It can be written as
[1, 6]

I R — (1)

i 0 W a a (2)
where @ I is the vortex centes, is the vortex circulation, r is the distance from vortex center
andi is the vortex core radius defined at the maximum tangential veldbigtangential velocity

field around the wake cas®f a B747400 is calculated using the Burnhddhallock modeland is
shown inFigure2-4, which has an initial circulation of @ @ 7i.

BH[0:11.988]

-40 -20 20 40

0
y (m)
Figure2-4. BurnhamHallock model for B74#400 at initial circulatioro v @-b-.

2.2.2 SarpkayaDecay Model
In addition to the wake flow field model, wake vortex decay models, or-Bddypation models,
are also needed for wake encounter simulation and predictions. Sarpkaya wake decayasiodel
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implemented in thiprojectdue to its wide us and easy implementati¢@]. It can be described
as:

— AQDmE v—— 3)
3 — 4)

where- is the turbulence constant, ED®,is the vortex spart (4 of the wingspan of the leading
aircraft),w is the weight of the leader aircrdftjs the air densityd is the distancéom the
vortex generatiorandw is the speed of leader aircraft.

An example for Sarpkaya wake decay predicis shown irFigure2-5 including high, medium,
and low EDR for a Boeing 73800 aircraftlt can be observed that the wake decays faster in the
high EDR case (0.04@ % '1) than medium and low EDR cases (0.0E21 0.001 ¢ 231,
respectively) It is worth emphasizing that the overall trend and decay magnitude predidtexl by
Sarpkaya model are comparable with a similar study using the APA model dfatfanal
Aeronautics and Space Administratid¥SA) AVOSS software[4, 8].
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Figure2-5. Sarpkayalecaying modepredictionfor a B737-800.

2.3 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 targetedcarspkess than 200 m
altitudeand within 5 nautical miles of the airport runway. Example case studies are provided on



the predicted wake vortex regions generated by a landing aircraft in different crosanaind
experimentatonditions.

The wake vortex igions at or close to an airport can be predictethe]NASA AVOSY4], 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 thenbient wind. The wake descent

rate can be approximated () [1]:

0 3T D (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 Fare 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 decdyring the final approach of a landing aircrdit 5]. Additionally,

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

the flight path information of wakgenerating 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 predictsoof wake vortex location and magnitude at an airport, which
can generate similar results with the APA prediction re§rits

A simple example illustrates the particulars of shaplified wake transport and decay mofie|
the landing of ahypothetical transportircraft. The aircraft flight path angle was set to be 4.3



degreesshown inFigure 2-6Error! Reference source not foundb. The runway is aligned to the notth

south directionThe head wind is set to be zero and the evadad profile is shown in
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Figure 2-7Error! Reference source not founda, including moderate wind and strong wind

scenariogrom the west to the eagtO and 20 knots at 10 nb@ve ground.
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The pTxGQpower law is used to desbe the crossvind profile at low altitudes, shown {6):
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Figure2-6. Crosswind profile antypothetical transport aircradpproach trajectory.
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(c) Predicted wake vortex locati@fiter vortex generatiofup tot = 100 s)

Figure2-7. Wakevortexintensity andocationpredictionsfor a hypotheticalvakegeneratinggircraft.

The predicted wakevortex circulation andlocations with respect to thewakegenerating aircraft

are calculated anshown in
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(c) Predicted wake vortex locati@fiter vortex generatiofup tot = 100 s)

Figure2-7. The initial wake vortex altitude was set to be 18Muoth wake transport and strengibed to
be taken intoconsideration for sUASvake hazaravaluations neaatirports.lt can be observed iRigure
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100

Figure2-7b that the wake vortices descendte ground at a rate of about®2fi and the wake
circulation decays from 258 7i to 1864 Fi in 100 sfor an EDR ofr@t p ¢ap” i
analyss presented here, the descending of wake vostopsdescendingt around one wingspan

. For the

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 @fcwake 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 tbpposite 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 somewhaiounstable
much contorted primary vortices at this stage
literature, still pose reduced hazard levels.
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(c) Predicted wake vortex locati@afiter vortex generatiofup tot = 100 s)

Figure2-7c shows the wake vortdacationafteraircraft touchdowron the runwayin three wind
conditions calm, moderaterosswind ( 10 knots)yand strongrosswind 20 knot$ using the wind
profile data inFigure2-6aError! Refer ence source not foundlt can be seen that tiseoss winds
cantransporthe wake vortexaterallyas far as 950 m from the runwafter 100 s

Clearly thenfor UAS flying below a landing aircraft, the descending vortices pgexential for
loss of control. However, if the vortex strength diminishes to that ofathbient vorticity,
somewherén the vicinity of 75 nt/s, it is likely a UAS will not be affecteat all by the vortices.
It makes sense, therefore to consider the distance from a generating aircraft runwadpvauch
at which the vortex circulation haswinished to ambient levels. This would estabtish extent
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of avery conservativei nfol y at®&00 & AGLbeneath a landing aircraft. Talflel shows
the distance from Boeing 737800 touchrdown at which the vorticity has decayed to ambient
levelsat 500 ft AGLfor a range of wake descent rates and EDRe wake descent rate for a
Boeing 737800 has been estimated to be 1.69 m/s

Table2-1. Distance from a Boeing 73800 touchdown to its wake dinighing to 75 s at 500 ft AGL

Wake Descent Rate

High EDR
(84sto 781 TV

Medium EDR
(358sto 781 Tv

Low EDR
(460sto 761 T

0 p® & Fi 2.00 NM 4.95 NM 6.05 NM
0 P W Ti 2.11 NM 5.44 NM 6.67 NM
0 ¢cdar 2.60 NM 7.52 NM 9.35NM

Figure2-8 is a schematic of the region below a Boeing-88@ where its wake vortex circulation
in landing configuratior{liLc = 300 nt/s) exceeds the ambient circulatibno r 7 v oliavis i Ci t y 0
in a medium EDR environment, assuming the wake descent radex (W the figure, oy in

equation 5, aboyeas 1.69 m/s.Assuming a uniform sink rate, the vortex strengtuld decay to
ambientvorticity (75 n¥/s) in 358 secondsherebysinking1984ft. The distance from touchdown

to wherethe sinking vortex decreases to ambient vortigityuld be5.44 NM. Beyond this

distance, using a conservative definition of aflgozone to mitigate UAS upset, th&irport

Facility Map in the LANCC system wadilindicate500 ft AGL as the acceptable flight altitude

For the assumed 4.3anding glide slope,hie circulation at the surface would be #é/s at
approximately 1.1 miles closer to ttmichdown poity as shown in the figure. Therefofer a

distanceof 4.34 NM from the touchdown point, tiAérport Facility Map would indicate 0 ft AGL

as the acceptable flight altitude.
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Figure2-8. Very conservatie no-fly zone for UAS flight below a landing Boeing 7-3D0.

Similar nefly zones could also be constructed based on the allowable vortex strength for a given

UAS, or perhaps a class of UAS.

2.4 Simulation of wake vortex air velocity environments

Flying UAS thiough wake vorticess difficult for two reasons: the vortices are hard to identify
andit is expensive to acquire knowledge of the actual velocity fleldugh which the UAS has
flown. Light Detection and Rangingystems have been used before, howevercbstof an
appropriate system has a cost exceeding $1,000J0@0efore, twoassemblies ohigh-power
fans or wind machineg)ave been used to provide wind fields which simutaevind fieldwithin

a vortex The University of Kansas (KWastwo wind machinesvhich produce airflows inclined

at approximately 45 degrees from the horizoh bank of 5 wind machines has been used by the
Ohio State UniversityOSU)to provide horizontaand slightly inclinedwvind fields.

2.4.1 Wind machines at KU

A set of 2 wind machines kabeen outfitted akU 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 man&@aatent out of business shortly
after the purchase order for the additional fans was sent.]

Figure 2-9 shows the two wind machines alignedliime. 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 are4ime but with theRevolutionsPer Minute RPM)of t he fl eadi ng

machine set | ower

t .hrhisicredehaegradientrofiwind velogtgwhicima ¢ h i n e

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

the vortex core an$ oriented 45 degreedo the horizonIf a UAS trajectory is perpendicular to

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

the trajectory is along the axis of the wind machines, this imposes increasing air velocity seen a
the UAS flies closer to the vortex coausing the UAS to respond primarily in pitch
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(a.) Side View .) Wind Machines

(b.) Top View

(c.)V @ 151t

Figure2-9. KU Wind Machinesligned inline At left i side view and top view of velocity
streamlines, At bottom rigfitvelocity fieldat 15 ft above the ground

\ (.) Wind Machines

(a.) Top View (b)) V @ 151t

Figure2-10. KU Wind Machines aligned side by side: At leftop viewsketches of velocity streamlines,
At below righti velocity field at 15 ft above the ground.

Figure2-10 shows the two wind machines aligned side ibig s 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 machine¥/hen the fans are aligned sildg side, this crudely represents the
very abrupt circulatin corresponding to encountetsse tothe vortex core.

In both cases, the air velocity field provided by the wind machines only simulatesaditaof
the vortex: to get dowwash, fans would need to be positiorambvethe UAS flight path with
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air being diverted downwhich isbeyond the scope of this projed@tat saidsimulation has shown
that downwashcauses generallyless sevarresponsdor a fixedwing UAS but a more severe
response for a multirotor (or helicopt&rAS.

2.4.1.1 Measurement of air velocity field provided
2.4.1.1.1 3-D Anemometer

Early in the project, &ully 3-axis Gill R350 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 elocity field in a 9 ft by 6t grid with 1-foot spacingl12 feet above the wind machine

with the 45 degree ramp. The wind velocities at the 54 locations are plotted as veetgusan

2-11, where the vector length is proportional to the velocity and the direction is the total velocity.
The plot is a sideiew of the air velocity vectors. Note that the bulk flow direction is at
approximatey 45 degees from the horizorBut also, there are significant departures from that
direction, especi afdolby6fatregibrhirgerrdgatet.gTdis measuementh e 9
study informed the decision to create aamomemeter array to better underdtthe wind
machine velocity output. With this task accomplished, tBes®iemometer is available to measure
ambient wind conditions during flight tests over the wind machines.

w (m/s)
(=]
T

u (m/s)

Figure2-11. Side view ofvelocity vector field obtained fror&D anemometer measurementsa plane
at 12 feet abovthe floor the base of the wind machijne

2.4.1.1.2 2-D+ anemometearray

A moveable array of anemometers has been used to characterize the output of thachinds.
These AnemomernitriSonicamini anemometers are described in detabagtion2.4.2.1.1 They
areDfi® anemomet er s, salwe arrvelotities dvdr 86Q-degreerange irea

17



plané t hei r A B argl ithip 2680ndegdees out of the plane both above and below the
base plane. Therefore, they are not actually@hemometers.

In wind machine output measurements, the anemonetersriented such that the main airflow
aligns with the airigune@-tPeshows theswodden Srame pn whichethe
anemometers are installed, with the wind machine positioned below it. The frame has moveable
crossmembers which can be spaced as desired. The anemometers can also be positioned along the
crossmembers as desired. Th@odenframewas initially suspended from its four corners by a

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

Figure2-12. Anemometer array positionérizontallyto measure wind nthine output

There are 8 data loggers used in aaB2mometer experimental 4gi, with 4 anemometers
connected to each datagger. Pairs of datbbggers are connected to a small Jetson Nano computer
which therefore logs 8 channels of data. FecBanrel tests, four Jetson Nano units provide the
data for analysis.

2.4.1.1.2.1 Initial wind machineoutputmeasurements

Experiments were conducted with a 4 by 4 grid of anemometers spaceeitb 2fap the velocity

field generated by the wind machine with a ramp which directs the flow at an angle of
approximately 4%to the floor. The velocity field from such experiments provides the flondield
plus any ambient airflo@ through which UAs are flown in flight test.

Figure2-13 shows a snapshot of the velocities which were recorded with a 20 Hz sampling rate at

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

shows a side view of the dhannefiquiver plob at height of 11 ft above the floomhe direction

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

air velocity. The magnitudes of the vectors indicate the magnitude of the velatgcity
vectors at each instant of time have been sca
includes velocities recorded at the 4 anemometeesach of the 4 rows of anemometers in the

array.
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Figure2-13. Side view of1l6 channelelocity vectors from anemometer array at 11 ft above the.floor

From the 1échannel quiver plot, it is found that tlew produced by the fan is namiform,

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,mdnych

be indicative of flow circulatiorcawsed by the wind machine propetie

2.4.1.1.2.2 Windmachineoutputmeasurementvith the anemometer array oriented vertically
The anemometer array was oriented vertically forntlost extensiverelocity measurements, as
shown in Figue 2.13.

Figure2-14. 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 characieed in the volume of space through which UAS have flown.
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Figure2-15. Two fans sidéy-side being characterized, positioriedront of ananemometer array

Thedata generated by the anemometer array has been analyzed to ddtermamformity of the

flow generated by the wind machines and fldiwerting ramps.Figure2-16is a quiver plot of

the average flowat the 30 anemometer locatiangront of a single fan Although the flow is seen

to be mostly forward and ymt approximately 45 degrees from the horjzthere are large
deviations. It is likely that some form of flowstraightening can reduce the variability in flow.
Unfortunately, the velocity fietd t&echearlkypn]
desired. Therefore, the velocity field produced by the wind machines matchégenéhe 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 kegigiyneered wind
machines, likely with specialigesigned diverter vas, which are often found in wind tunnels to
improve the uniformity of air flow.
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Resultant velocity: 3-D Quiver plot

position along vertical direction (feet)

position along horizontal direction (feet)
Resultant velocity (ft/s)

Figure2-16. Quiver plot of theselocity field 6 feetin front of the diverting ramfor one fan

Figure2-17 shows the projection of the total velocity onto the vertical plan, giving some indication
that thereat leastdoes not seem to be signifitavorticity about the horizontal axis. Rather, the
flow seems to be generally up and to the fidesthis case, morso on the left side.
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Figure2-17. Projection of total velocityneasurements onto thertical 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, Qhis 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 irFigure 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 ly)2al

m (109 in) wide. Each fan has six blades and each of ther@2s11 (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 opleop fashion. These fans can be individually throttled to produce
gradients in the windield and have turning vanes to allow the individual jets to be angled both
horizontally and vertically. The fans can generate wind speeds updd 15(49.2"Qd ). Of

note, the fans are of a bledown configuration with an intake in the rear of the housing. This

means that ambient winds will create additional fluctuations or +fl@aroffsets in the output of

the fan. To some degree this can be controlled by adjusting individual fan speeds as previously
mentioned. Ultrasonic anemometers weredusecharacterize the outputs of individual fans, and

the combined array as described in the next section.

(a.) Front View (a.) Rear View

Figure2-18. Front and rear view of the crosswind fan array at the-Béidi Facility located dhe
Transportation Research Center (TRC).

2.4.2.1 Measurement ofwind machine output

2.4.2.1.1 Ultrasonicanemometer

The gust and wake encounter are measured using a Tasbbianini Ultrasonic anemometer,

which has a bandwidth up to 10 Hz, allowing for rough atmospheticlence information to be
gathered in addition to medlow data. The anemometer can measure wind speeds umto 50
(164.04°Qb ) with a resolution of 0.0& i (0.03"QD ) and is able to operate in temperatures
ranging from 1 Gto Y 6. The Trisonica @ mini ultrasonic anemometer with pipeount 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 winginel facility is able to produce
speeds up to 461 (147.64°Qd ). 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 2@ i (65.66™ Qb ). 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 i@st sect
The anemometer calibration was performed for speeds ranging féom 7(22.97°Qb ) to 20

ai (65.62"Qbd ) for a full * to o @*mrotation in both the counterclockwise and clockwise
directions to determine the azimuthal accuracy oatlemometer

2.4.2.1.2 Calibration ofanemometer

Figure2-19 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 alltazamgles except for
azimuth angles in the range of t*o o o*mfor 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 ultrasoniceanometers 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 measui wind speed for each of the wind tunnel speeds tested were computed to determine
the accuracy of the ultrasonic anemometer. These values can be 3abieir2, as well as in
Figure2-19 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
overpredics 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 fronil0 (32.80°Qb )to 20&4i (65.61

"Qb ) and within two standard deviations for the lowed v (22.97"°Qb ). This larger
discrepancy between the actual and measured wind tunnel speeis at(22.97°Qb ) could

be due difficulties maintaining the wirtdnnel at lower speeds.

Table2-2. Mean and standard deviation for ultrasonic anemometer wind tunnel testing.

Y oai Mean & i Standard Deviationd i
7 7.57 0.42
10 10.53 0.68
15 15.11 1.13
20 20.10 1.46
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Figure2-19. Ultrasonic anemometer wind tunnel calibration results

2.4.2.2 Ultrasonic anemometerarray

In addition to calibrating the ultrasonic anemomegerultrasonic anemometer array with 10
stations was developed to enhance our capabilities of making spatial and temporal multiple point
wind measurements at various locations, as showigare 2-21. The Ultrasonic anemometer
array was developed and designed at OBSA¢h station consists obmponents shown iRigure

2-20: Trisonica 3D mini anemometerArduino, Global Positioning SatellitéGPS module and
wireless transceiver3.he Arduino serve as an onboard computer to establish communications
betweenthe GPS, anemometeand control stationThe GPS module will be used to gathean
accurate measurement location

24
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establish a communication location of each
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« 60 kHz Operating frequency + Data rates: 250kbps, 1Mbps, and
« Data output rate: 1-40 Hz 2Mbps

Figure2-20. Components of ultrasonic anemometer station
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Figure2-21. Ultrasonic anemometer array developed and designed at OSU

2.4.2.3 Singlewind machine characterization
Temporal single fan measurements were collect
which iswith 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 feb3ninutes at two fan speed atd® (32.80°Qd )

and5ai .Figure2-22adepicts the collected wind measuremdaotthe 56 i  fan speedThis

figure also shows the 60 sec moving average wind speed every minute and the averageedn

over the entire test. There was significant deviation in the wind speed measurements over time due
to the operoop control of the crosswind fans. Despite this, the average wind speed measured
remains consistent (excluding the last minute of teg #hich is most likely due to ambient air
speed interference. Frequency peaks showthéenpower spectral densifyigure 2-22b may
represent longeiod 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 freguaenchosen to

be 5 Hz.

14 —&— Measured
Average
12 - - - Average H-. o 20 +
—— 60 sec Moving Average ﬁ‘
@ 10 - --"60 sec Moving Average +/- o E .
~_E, 1 N"}J‘ /\ { / A
o) L 07 / ‘
gg é { / vy \ nﬁ | H
5 o v
& w
s o -20r
: ' -2 0
0 50 100 150 200 10 10
Time (s) Frequency (Hz)
(a.) Wind measurements (b.) Power spectral density

Figure2-22. 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 Crosswindwind machinearray 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 distmeghts 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, Figure2-23b shows the average wind speed magnitude at each lateral distance across
the fan arrg. The measured wind speed at 1.22 m (4 ft) has a significantly larger magnitude
compared to the 2.44 m @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, foesterg
around this altitude would be required to be able to definitively pinpoint the exact core location.
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Figure2-23. Ramp up and ramp down gust profile tested at TRC and wind measureirtaimied from
the test
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3 FIXED-WING UAS WAKE ENCOUNTER STUDIES

Modeling andsimulation of fixed wing UAS response to wake vortex encounters has been
conducted using 6 DOF modebf aircraft flight dynamics. Simulation includesoperloop
response to wakeortices 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 physicased response analyses dmgpcomputational

fluid dynamics with UAS motiothas been explored.

3.1 Simulation of fixed-wing UAS wake encountes

3.1.1 Coupledaerodynamicsand flight dynamic simulationsvith wake hazad predictions

This section focuses ®imulatingsUAS responses during wake encoungerd concludes with
suggestions for predicting wake hazamgtrics Two UAS wake vortex encounter modeling
methods are developed and implemented as HawkWakeSim v2.1 incthding.M and the

Linear Wind Field Approximagon Method (LWFAM). Both methods are validated with flight data

for flight in uniform flow fields, thencrossvalidated insimulatedwake vortex fieldsThen a

range of UAS wake encounter scenarios are simulaittdan attitudehold controller forflight

paths with twadifferentficutting angles wi t h r e s p e ¢ wakegeneratingeaircmitt h o f
Finally, alternativemetrics fordefiningwake hazard@re presented

3.1.1.1 Aerodynamic modelling for UAS wake vortex enounters

Aircraft wake encountemodeling has been studied in the past using a variety of methods,
including lifting-line theory, strip method, vortex lattice method, panel metlaod other
computational fluid dynamiebased methal[2, 3]. For example, a preomputed data set was
generated by largeddy simulation for predicting wake vortex interaction in a-tisaé flight
simulatiorj4]. Vicroy combineda series of wake encounter flight test datthacruise condition

for improved understanding of wake vortex physics and atmospheric interggti&trip theory

for Wake Vortex EncounteM{VE) hazard prediction was studied through simulatiof6in In

[7], a VLM from [8] and the strip theory method frai®] were compared with wind tunnel data,
with both methods lowing 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 flig9{ .distahis
section VLM and LWFAM are used for the wake encounter simulation and initial flight
validation. VLM waschosen because it uses perturbed states for calcuBsibijty andControl
(S&C) derivatives on each panelhich 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 respofses0].

3.1.1.1.1 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 derivativesodrethised in &6

DOF, nonlinear flight dynamics simulator. One implementation example of the VLM is Tornado,
an opersource MATLAB program based on standard vortex lattice theory and stemmed from
potential flow theory9].
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The VLM divides an aircraft into small panels. On each panel, the Hukiavski 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, whiahe oftenbased on NaiveBtokes equationfl 1].
Additionally, Tornadois used for calculation of ratdependent stability and control derivatives
such a® , the derivative of rolling moment coefficient with respect to roll réke aerodynamic

forces can be calculated as:

O B "W 3 Q Q)
where F is the forces vectdr,is the air densityew is the induced velocitys is the vortex
strength and 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:

W W 0 nMmA 2
wherew is the velocity of upcoming flowy is the collocation point on each panel and
[AA ] are the rotation rates.

The VLM is a quick and straightforward method for calculating aerodynamic coefficients. It has a
good balance betwrecalculation time and accuracy, and can process complicated aircraft
geometries as inpullhe 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 aikHoafever,

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.

3.1.1.1.2 Linea Wind Field Approximation Method (LWHRA

VLM and other ComputationaFluid-Dynamics (CFD) based aircraft wake response models
generally offer increased accuracy when compared to standard flight dynamics simulators.
However, thesaigh-fidelity models typically require accurate aircraft geometry information and
many computational resouceResearchers have also developed simplified methods to simulate
the aircraft WVE using classical flight dynamic modédse example is the linear wind field
approximation method, originally proposed by Etki®], which was utilized in thisectionto
provide a comparison and validation with the VLM results as well as for controller evaluiation.
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:

) 6 6h 0 nn
0 O Oh A BN
0 0 Oh i i 3)

where 6fbR) are translational velocitiesnfii  are angular velocities, subscrilindicates
gusts or turbulence, and subscripndicates the velocities relative to the wind. For typical aircraft
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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, thevagut linear wind field can

be generated directly based on the wake vortex m@ued. 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 wakertex field which is the closest approximation to the wake
generated wind field. 1f4], this method was used to estimate the wake generated forces and
moments during aerial refueling. The witomponents 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 diffent lateral and vertical spacings. In subsequent sections, a similar approach will
be used to provide a fasine prediction of UAS wake response and to provide some empirical
validation with the results from the VLM in thsgction The inputs of LWFAM a& basiaircraft

wing and fuselage geometry and S&C derivatives or aircraft spatee 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 whike phediction 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 fixedwing UAS platforms are used in our study including a conventiotiall DUAS
and a tailless flyingving UAS. Phastball UAS, as shownRigure3-1, is a Ftail wing developed
by West Virginia University researcheiB2-14]. The wingspan of the aircraft is 2.4 m and the
chord length is 0.35 m. The geometry speatiiions can be found if5]. Key specifications of
Phastball are shown ifable3-1.

(a) Phastball UAS Platform (b) Khawk55 UAS Platform
Figure3-1. UAS geometry and modeling.

The KHawk55 UAS, a smalflying wing UAS developed akKU, was shown irFigure 3-1b.
KHawk55 UAS has a wingspan of 1.4 m and is powered by a-egstimottle motor. The main
control surfaces are two elevons which is a combination of elevators and ailerons.

The geometries of PhastballcdiHawk55 were mapped into Tornado, and tHe fiode| 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 invel&jdeijon
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Table3-1. Phastball athKHawk55 specifications.

UAS | Phastbdl | KHawk 55
Specifications
Mass 10.5 kg 2.7 kg
Wingspan 24m 1.42m
Wing area 0.784 0.51a
Wing Chord | 55 0.43m
length
Fuselage
Chord Length 2.2m 0.37'm
C.G. Locatior 1.18 m from| 0.23 m from
nose nose
Cruise Spee¢ 30 m/s 20 m/s

3D panels, collocation points.
3D panels, collocation points.

Body z-coordinate
o
(= N

Body z-coordinate

Body x-coordinate

: ) <
Body x-coordinate 1 Body y-coordinate

(a) Phastball UAS Platform (b) Khawk55 UAS Platform

Figure3-2. UAS mesh elements and collocation points(green) in Tornado.

3.1.1.3 Openloopwake vortex encounter simulation with HawkWakeSim

In this section, the details of HawkWakeSim 2.1 are explained, which includes both VLM
implementationand LWFAM implementation. HawkWakeSim 2.1 was developed using
MATLAB Simulink [6, 15].

3.1.1.3.1 HawkWakeSim 2:¥YLM Simulation Platform

HawkWakeSim v2.4V/LM was developed based on previous studies on ital Phastball UAS

[6, 7]. The aerodynamic analysis is based on Torif@ldand the flight dynamic simulation follows

Ne wt o n dddaw sirel casresponding 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 simulatbefprediction 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. diputs for the flight dynamic simulator are the twelve
aircraft state variables, including the translational and rotational statds, i) , 6fvh) |

%h-H , M used in the equations of motion. HawkWakeSi2al-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 irFigure3-3.
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Figure3-3. System diagram for HawkWakeSim $£/LM .

3.1.1.3.2 HawkWakeSim 2:1.WFAM Structure

The LWFAM can be implemented by generating a set of discrete points along the wing and
fuselage of the UAS and computing the waka@uced velocity at each point using the Burnham
Hallock model. Then, the unknown terms(4j can be estimated using least sqeaegression.

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 becausg thd 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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Figure3-4. System diagram fddlawkWakeSimv2.1-LWFAM.

3.1.1.4 Validation of HawkWakeSim and LWFAM

3.1.1.4.1 Validation inuniform flow fields

As an initial validation, S&C derivatives computed from HawkWakeSim-v2.M are compared
with those identified from flight data using frequency dorzased systemdentification
methods.

The longitudinal stability coefficients are shown for comparison with the flight identifiediones
Table3-2.0 andd are the terms of interest for longitudinal analysis during the UAS WVE. For
flight dynamic simulation, the lift angditching moment coefficients can be expanded using-first
order Taylor series:

6 O 6] 6 —n 0 4)
0 0 6| 6 —n 6 (5)
whered is the lift coefficient and is the pitch moment coefficient. The wake induedand

0 will consequently show up in the changes of fof€E®, moment(d ), acceleration ,® ),
and translation and rotation velocjty¢r 0 ,).

The Tornado calculated aerodynamic parameters are compared with those identified from flight
test inTable3-2. In the lateral loopo , 6, 6 are the terms of interest, the lateral aerodynamic
force and moments coefficient can be expanded as:

6 6 61 6 —n 6 —i 61 6 )
6 6 61 6 —n & —i 61 61 ©
6 6 61 6 —m 6 —i & 1 6 1 ®
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Table3-2. Comparisorof Tornado and flightdentified Khawk55 stabilityderivates

Method 0 0 0
Tornado 3.6132-0.2151 -0.3633
Upper Bound 95% Confidence Ran/5.5912-0.2754 -0.1551
Flight Identified 4.5725-0.3717 -0.2499
Lower Bound 95% Confidendeange 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
sucha® ,0 andO . Furtherinvestigations are needed for the lateral loop comparison.

The HawkWakeSim v2:YLM 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 f®degrees to 5 degrees. The overall
trend for HawkVakeSim v2.1IVLM 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 betweendgigtified 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 HawkWakeSiWii2.1
prediction with flight data shown iRigure3-5.

Pitch Rate Elevator

I
50 M Flight Data I

Vertical Acceleration
i
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Simulation

1
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(I Y
| Y
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|

|
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Time(s) Time(s) Time(s) Time(s)
Figure3-5. Comparison between HawkWakeSi1-VLM and flight data for an elevator doublet.

3.1.1.4.2 CrossValidationin Wake Flow Fields

The LWFAM was alsoused to provide some empirical validation of the VLM results in this
section The wake inducedforces and moments experienced by the UAS were estieit
different lateral spacings from the wake vortex under ststatg 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 degreerecs) with the wake vortex.

The results for a perpendicular encounter for both Phastball badk&5 are shown ifigure
3-6. The lift prediction matches very well for the two methotise LWFAM predicts a larger
pitching moment for the Kawk55, but has a similar prediction as VLM for Phastball.
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Figure3-6. Comparison between VLM and linear approximation for perpendicular wake encounters.

The results for a parallel encounter (0 deg.) are showigire 3-7 andFigure3-8. 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 intodegnSideforce 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 vA.WFAM and VLM. Lift and rolling moment, which are
arguablythe most important measurements during the wake vortex encounter, show a good match
in both magnitude and trend. Siftece has the least consistent match between the two methods
however this force is typically less critical for wake vortex encounténsthis section the
researchersisadl HawkWakeSim v2.4/LM for predicting the magnitude of the wake vortex
encounter, and udeHawkWakeSim v2.A4WFAM for fasttime evaluation and controller
analysis, since the LWFAM simulation takes less time than \Hdvla 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.
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Figure3-7. Comparison between VLM and linegpproximation for lKawk55 parallel wake encounter.
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Figure3-8. Comparison between VLM and linear approximation for Phastball parallel wake encounter.

3.1.1.4.3 Innerloopattitude controller

Small UASare typicallyequipped withvarioustypes of controller during flight test, includirag

inner loop attitude controller areh outer loop path tracking controller. Bections3.1.1.6and
3.1.1.7 an inner loop attitude tracking controller is implemented and analyAedLinear
Quadratic Regulatot.QR) controller is used for the roll hold and pitch holdlefPhastball UAS.

The controller gains are selected based on identified Phastbakgéat model and fine tuned in
flight tests A similar modetbased inner loop attitude controller design approach is usethdovk

55 UAS as well. Note that servo actuatare better modeled here including system delay, second
order servo response model, and control surface saturation. The pitch controller was set up as a
ProportionalintegratDerivative (PID) controller while the roll controller was set up as a
ProportionalDerivative D) 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 controllertseg is used for simulating the autopilot reaction of
Phastball and Kawk 55 during a WVE. The controller gains fohdwk55 sUAS areD

™ @ dun 1@ @ ofar the roll hold controller, and 1@ ¢ it T TMHOT TSP T

for the pitch hold comobller. The controller gains for Phastball UAS ate 1@ o ¢ fo Tt

% o Tfap the roll hold controller, and ™ o PO T8t T ufar 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 ugrten
magnitude for potential UAS WVE flight tests. As an initial study, two types of wake encounter
angles (90 degAnd 20 deg.) behind three representative leading aircraft (a Cessna 172, a Cessna
Citation, and a Boeing 73300) are simulated using bd@mastball UAS and Kawk55 UAS. The
leading aircraft were selected to provide a variety of wake circulation streggifuis §fi¢ vat 7i)

and vortex core separation distance. The leader aircraft and wake information are shalla in

3-3. The 90degree WVE represents UAS flying across the runway after takeoff of a leading
aircraft while the 2@legree WVE represents a general aircraft wake encounterdiighg cruise

[16]. In all the 90 degand 20 dg. Wake encounter cases, the controller was set to hold desired
roll andpitch attitude (zero roll and trim pitch) for the follower UAS.

Table3-3. Specifications for wake vortex of leading aircraft.

Leader Aircraft MTOW (N) |Circulation @@ 7i)| 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

3.1.1.5.1 90 degreesvake vortex encounter

The 90degree wake encounter scenarisimplified 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 negligble. The 90degree 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 WVESs: body frame accelerationgw , body frame pitch rate g, latAngle

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 diffarhanthe 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 altle probe installed on the nose of an UAS.

Both Khawk 55 UAS and Phastball UAS are ds$er this WVE simulation study. The cruise speed

is 20 m/s for the Kawk55 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 dierent wake vortices is shown Figure3-9. It can be observed that with
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the increasing size of leader aircraft and the increasing strengtiakaf vortex, the follower
aircraft was pushed away and deviated from the wake vortex core.

I
o
o]

Altlude (i
Alluda
|
Adttude {mj)
|

&l () East () East (m)

(a) Cessna 172 (b) Cessna Citation (c) Boemng 737-800

Figure3-9. 90-degree wake encounter: reconstructed wake positions (0) and flight path in the wake axis
y/z plane.

The Khawk55 UAS 96deg. WVE responses behind a Cessna 172 aircraft is shdwguire3-10,

with the dotted line showing the wake vortex doation. 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 reache@.9 g, and the pitch rate showed minor oscillations betw&feand 25 deg/s
during abait 0.8 second of the wake encounter. The elevator moved betvBeand 2.5 degrees
during the WVE.

5

— \\ T
B f i \
| h-] / AN N
g L N B . \
. | L - —— ~ —

s /N S T —— ; — \

< / N W | L A

5 5

&
o

Pitch Angle
Control Objective | 4

o
&
/|

Pitch (deg)

o &
|
|
IIJ
L
4.//
o \

Time (s) Time (s)

/ “'. e ~
I — ‘\ / \ ."f \ —
N/ \ / N |

q (deg/s}
=
|
|
P -
\
A
'
|
|
|

L L L L L LV 1 L L i L L i i i L
42 4.4 46 48 5 5.2 54 56 58 6 4 42 44 46 48 5 5.2 54 56 58
Time (s} Time (s)

(a) (I, aza aJC plOt (b) 59.! 8’ q pIOt

Figure3-10. Khawk55 behind Cessna 172-88gree WVE.

The Phastball UAS 9@egree WVE responses behim@essna 172 are shownkigure3-11. It

can be observed that the local AOA went betwéeand 4 degDuring about 0.5 second of the
wake encounter wht the pitch hold controller in the loop. The smaller change in local AOA is
mainly caused by the faster cruise speeath@Phastball UAS compared withe Khawk55 UAS.

The other UAS responses are similar.
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Figure3-11.Phastball behind Cessna 172d¥hree WVE.

The Phastball UAS 98eg. WVE responses behiadCessna Citation ara@Boeing 73-800 are
further shown inFigure 3-12 and Figure 3-13 . It can be observed that the WVE time period
increased for Cessna Citation aBdeing 73 due to the same reason explained in the previous
paragraphAs the size of leader aircraft increases, elevator deflection reaches the limitation for 15
deg.both in Cessna Citation and Boeing77/&ses. Fronfrigure 3-13, the elevator reaches its
limitation for 0.05 s and AOA drops t@0 deg.The PhastbalUAS is predicted t@xperiencean
approximately’ gz-axis acceleration since the waka@tex generated bgyCessna Citation ihree

times bigger tham Cessna 172.
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Figure3-12. Phastball behind Citation 9figree WVE.
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Figure3-13. Phastball behind Boeing 7800.

The 90degree UAS WVE metrics are summarizedTiable 3-4. There is afocus on five
parameters: max AOA local, max maxw , maxw , and max . The local AOA is crucial for
determining the stall condition of UAS and max pitch rate and énavan act as indicators for

potential structural failures. The table illustrates thahwmcreasing wake vortex strength, the
magnitude of all the parametealuesalso 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 beham@oeing 737800, which could likely cause stall. Also

during this wake encounter, Phastball experienced a maximum vertical acceleration of 16.5g which
may also lead to structirfailure. 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 configurabns. As seen in the tableh#&wk55 will have a larger longitudinal
response than Phastball for the same wake strength.

Table3-4. Metrics for 90 degWake encounter.

90 deg WVE Max AOA| Maxn |Maxw (g)| Max® (g) |[Max] (deg)
local (deg| (degh)
Khawk55/ Cessna 1] 12 110 0.35 1.8 2
Phastball / Cessnal] 4.8 25 0.2 1.5 3
Phastball / Cessnha 18 190 15 9 15
Citation
Phastball / Boeing 73 25 380 4 16.5 15

3.1.1.5.2 20 degreesvake 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 aircrff6] and UAS[6]. During a 26degree WVE, both

the lateral and longitudinal UAS responses will be excited, with the |latepaict 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 showsigare3-14 andFigure 3-15, the

y-z and xy plot of Phastball WVE. The following UAS metrics doeused on 20 degree WVE:

body frame acceleratior® & & , body frame rotation ratgfifi, local AOA andAngle of
Sideslip AOS), and maximum aileron and elevator deflection angles generated by the controller.
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Figure3-15. 20-degree Phastball wake emexer: flight path in théorizontalplane.

The response of the 20 deg. WVE cases are showigime 3-16 andFigure3-17. As observd

in Figure3-16, with a Phastball UAS behind Cessna 172he aileron command reaches up to 8
degrees and the elevator command reaeheegrees during the wake encounter to reatite

wake disturbance. The wake vortex generated around 100 deg./s roll rate changes and around 40
deg./s pitch rate changes. Thak® generated disturbances increased for the larger Cessna Citation
and Boeing 73. As is shown irFigure3-17 andFigure3-18, the increasing vortex strength will

push the follower UAS awafyom the wake vortex. Phastball UAS experienced a maximum 5 g
acceleration inthe z-direction and 3 g ithey-direction and a maximum of 150 deg/s pitch rate,
behind a Cessna Citation. In the last case, the Boeifgdidex is strong enough to push the
Phastball off from the original trajectory and, as a result, Phastball does rioséy@the second

vortex core.

42



1.5
31
=" 305

(m/s)

10

@ (deq)

-10

100

deg/s)

= -100
—D.%

-5

ax (g)

[?E {deq)
=0 o

31.5

ﬁ rl ﬁ 1 T
yal - o 2 fi = [\
; L - —r 0 _.__f'llnu\lum,-— — 0 4 II IJ\\\//«.,_
< w \
-\\"I(v o 2 1 O /
4 6 < 4 6 < 4 6
| oo | T -1/
— ..J'H“-— S 0 ol ] 8195 'U'I( VA ﬂf
\ gy BRI Ty =19 Vi
4 6 4 6 4 6
T w50 ) 10 i
| \ = |
A o o5 i
I -\-\J i3] - I' | 1 ] -
I|.| v s ? Jﬂ'u é‘i _E \ ".JIIQ -
o -50 .
4 6 4 6 4 6
T 13 C ™
_—-—"“'|IJ\J — % 0 I "u|| Il;f‘\f g -1 |f\”| ¥/ —
-0.05 -2
4 6 4 6 4 6
Pl ﬁ 10 f\ @ 312 I|III|
| |V,w—" PR - L)
V7 T o = A ]
If\ =" 10 V| -3 \J VM
4 4 6 4 6
Time (s) Time (s) Time (s)
Figure3-16. Phastball behind Cessna 172dxyyree WVE.
3 $ s
,/ﬁ" ] = a . rl T 2 0 ——"'n| f'{\ ]
— ] il | g sl VY
o O 10
4 6 < 4 6 < 4 6
_-P’/ ] a 10 i a T
— B U — i
\ll a $ ok [ 8o + A~
| = 10 I T
4 6 4 6 4 6
__1 7 —— 200 |‘ ) i
=1} o 50
| Z 100 |I g 0| ]
1 e A — = 50 VA
4 6 4 6 4 B
P | =83 b D i _,fl| -
) — g0l ! - §
4 6 4 6 a4 B
T o ' = 10 i
| S Ol > |8 o ]
L_h‘\nlll S =P 10 \\nl — :'— 10 1
4 6 4 6 4 B
Time (s) Time (s) Time (s)

Figure3-17. Phastball behind Cessna Citationdyyree WVE.

43



31.5

w
E s1|— A k\f B
> 305
4 6
= 20 P71
8 0/l —
Z 20|
= 40 |
4 6
)
— D =1 R S —
g -200 '||'m
T 400 | |
o 500
4 6
5 .1
2 o5 B -
"
@ g5—1
4 6
S 20—
S 10 |L.
o OR) M
4 6
Time (s)

Figure3-18. Phastball behind Boeing 7800 20degree WVE.

n
I R — k) 5 |
I S o A~
| w 5 \/
9: -10
4 6 4 6
|'h"u—*xa—— @ 20 _q"lﬂl".
\|' A A e —
' 0
4 6 4 6
X w 200
|| a "'Jnll e c—
_\_JII\\II"\)\H _ ﬁ D \/\-
— -200
4 6 4 6
f.la = _,Iill "
e N B =
A N |
4 6 4 6
= 20
N |
fo—— ﬁ 0 A '. f“w"*--"——-
w20 ——
4 6 4 6
Time (s) Time (s}

The 20degree UAS WVE metrics are summarizedatle3-5. In addition to the five longitudinal

WVE metrics, six more lateral WVE metrics are focused: max AOS localjjyraaxi , maxa,

max ¢ and max i. It can be observed that the maximroll 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 elevatorontrol surface saturated during the WVE of both Cessna Citation and Boeing

737-800, which poses a hazard warning.
Table3-5. Metrics for 20 degWake encounter.

Max Max Max | Max | Max | Max | Max | Max

) Max p|Max g| Max r - - -

L eader aircral | f (deg.a(deq/d(deas & | & | & | Ua | U | U

eq./s(deqg./s(deq./s

(deg.) | (deg.) [ HICIHICI™ () | (@) | (@) |(deg.)(deg.)(deg.

Cessna 172 4.7 1 110 | 40 | 11 | 03005 1.3| 8 | 4 | 21

Cessna | 5 | 490 | 150 | 90 | 1.2 |053| 42| 15 | 14 | 12
Citation

Boeg”OgOn? 5 8 | 680 | 240 | 160 | 2.2 /093] 61| 15 | 15 | 15
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3.1.1.5.3 Conclusions fokhawk55 and PhastballAS wake encounter analysis

To summarize, both large jets show a significant hazardfa6 in 90 and 20 deg. WVE cases.

The strong vortices such as thagenerated 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
structual failure which is another hazard observed from the WVE simulation. The Phastball UAS
will have better control compared to thédk55 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 dingdfAA is
implementing wake separation rules at airports based on the categories ajenakating and
following aircraft, ranging from A Super (e.g., A380) to | Lower Sr{aly., 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 experiencedwvere rolling during WVH35, 36]. The RCR is defined as wake
induced rolling moment divided bghe aircraft maximum roll control power [32]. RCR is a
dimensionlesparametewhich 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% configunagas usually selected

for manual flight, and 30% for automatic contadla manned aircraffor the determination of

RCR values, DLR further defined the safety operation criteria for manned aircraft including bank
angle, airspeed deviation, descent gpeall rate deviation, and load factor. The values of manned
aircraft WVE criteriacan bedetermined by pilot feedback, general flight control laws, and flight
operation procedures [33, 34]. However, since manned aircraft is diffeegr#UAS in moment

of inertia, wing area, weight, flying speed, and so on, the criteria defined for sidgBe quite
different with manned aircraft.

3.1.1.6.1 Methodology

Based on the UAS WVE simulation studiesSection3.1.1.5as well assmall UAS system
identification and flight control experiences [21,i128, 35, 36], the following metrics are
proposed for fixeewing UAS wake hazard evaluation and predictions:

1 Roll/pitch rate anomalies)fn}): Severe angular rate changes measureddstiahsensors 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 flogimtrol laws will try to compensate for these
disturbances

f Controlratio(y f ): The control surfaces for a UAS are constrained to a certain range (e.g.,
+-15 degFor Khawk55and Phastball UAS A severe wake generated rolling or pitching may
cause the controller to saturate and result in unexpected attitude or loss of E@mlie.
studies showed thaflevator may saturate during 90 dégake encounters and aileron may
saturate during 20 dewake encounters, which may generate significant safety issue for UAS.

1 Angles of attack |( ) and sideslipff): Throughthe analysisthe researchensoticed 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 degvake encounters but niot 20 degwakeencounters.

1 Roll attitude anomalie94): 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 aethe max desired roll angle.

1 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 hazat zone prediction at an airport is proposed as the following steps:

A ldentify the wake generating aircraft information (flight path, wingspan, speed, weight, etc.)
and the airport weather information (temperature, EDR, wind profile, etc.);

A Predict the wakgortex location using a wake transport and decay model;
A Approach 1: Control ratio-basedprediction (spatial analysis)
i Specify acceptable RCR and Pitch Control Ratio (PCR) for UAS WVE;

i 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 morents when putting UAS at different lateral and vertical offsets from
the wake vortex core for 10 degake encounters);

A Approach 2: UASresponse andontrol-basedprediction (spatiotemporal analysis)
i Specify acceptable UAS hazard metrics for potential vesk@unter;

i 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.
encourter angle with the simulator time running from 0 to 10 sec.);

A Label red wake hazard zones based on obtained UAS responses.

3.1.1.6.2 Results and analysis for a typical UAS wake vortex encounter

A case study is demonstrated next using the above proposed UAS haizarslane 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-¥2.M. The simulated wake
encounter response was analyzed using the previpugtpsed wake hazard metrics and the two
wake zone prediction methodshis researcfocuseson wake vortex encounters with small cutting
angles such as 10 or 20 deg.

For approach 1 (controitio-based method), the wake hazard area is determined based#en wa
induced rolling moment coefficient and roll control ratio. Here, the RCR is defined as :
o)

YO +—mm P
6 % ‘] pTT
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where 0 is the wake induced rolling moment coefficiedt, 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 dégr Phastball UAS).

The Phastball UAS was placed at different locations in the flakefield. The wake induced

rolling moment was then calculated using HawkWakeSim-V2M. Three example cases were

run for the wake vortices generated by a Boeing 8@ at 250, 175 and 1@0 7i circulations,

which correspond to the wake vortices ifftedent ages of decaying. The hazard zones are labeled
based on RCR values and showrrigure3-19 andFigure 3-20. The researchershose an RCR

of 0.3 as the threshold fthis UAS hazard zone labeling basedthis UAS system identification

and flight test results. In other words, the blue @3, yellow (0.31), and red zones (> 1) are

UAS wake hazard zones basedtoim e r e sseggestioh. &m 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, wiiigs shown in red. Based @ms analysis, a lateral separation €2, 26]

m and a vertical separation 618, 13] m are predicted for 280 i wake circulationwhere [0,

0] m means the center point of the two wake vortex cores. The predicted wake hazard zones for
175 and 10@x 7i circulations are shown ifable3-6. The overall trend of RCR fdhis 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 prbably caused by the dominant downdratft in this region and the smaller wingspan
of Phastball UAS.
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Figure3-19. Wake induced roll control ratio for wake circulation of Z60fi (Phastball UAS
encountering bBoeing 737800 wake).

] . 0.1 < RCR < 0.3
] .0.3 < RCR < 0.5
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. 1 < RCR

Figure3-20. Wake induced roll control ratio for wake circulation of Xv5fi (Phastball UAS
encountering of Boeing 73300 wake).

Table3-6. Example wake hazard zone prediction using approach 1 (Phastball UAS behind B@eing 73
800, 10 degencounter angle, 0.3 RCR)

Wake circulation Lateral offset Vertical offset
250 & Ti [-26, 26] m [-13,13] m
175 a4 Ti [-25, 25] m [-12, 12] m
100 & Ti [-23, 23] m [-8, 8] m

Using Approach 2, the wake hazard area can also be determined based on the area in which the
aircraftmaximum response falls outside of any one of the acceptable conditions defiraaden

3-6. Based on our earlier simulation studies int®ac3.1.1.5, the roll rate and roll control input

are the two major indicators for UAS wake hazard determination at small encounteringlangles.
thisanalysis, the roll rate deviation was selected as 34.6 deg/s for Phastball UAS with attitude hold
controllers based on aileron controller gains:

TQZ(] Mz % % Q2 n
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whereQis the control ratio (0.3 for this case) afdis 0.13 for our PD roll hold controller, which
can also be found iSection 3.1.1.4. The roll angle limit is set as 60 deg. based on manual flight
data. Other wake hazard metrics tiois case study are also providedTiable3-7.

Table3-7. Example vake Hazard Metrics for lateral WMiE Phastball UAS with attitude hold controller
(WVE duringstraight linesteady state flight)

Parameter Acceptable Conditions
Roll Rate Deviation N o On
Roll Control Percentage 1 omp
Bank Angle Deviation %  Q@IT
Acceleration Deviation @ p 2

Using Approach 2 for HawkWakeSisimulations 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 25071 . The estimated wake hazard zones are
slightly dfferent 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 simatdiged locations in

the wake flow field (Approach 1), since the estimated wake induced forces and moments may
affect the later calculation¥heinitial results showed a comparable performance between these
two approaches. More analysis needs to be ttordifferent wake strength and for various wake
encounter angles.

Figure3-21shows the labeled wake hazard area with strong cross wind from th@@&abts at

10 m with 1/7 power law profile, medium EDR: 0.01217 i ) and flight path angle discussed

in the previous sectioriThe 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 touchedati¢®rO, 0)

m. Underthe high cross wind condition, the wake vortex could be carried 950 m away from the
runway and might cause wake hazards for SUAS operttiomegion

More analysis and evaluation of the proposed UAS wake hazard metrics and wake zone
categorizatiorcan be performed in the future, using different wake generating aircraft and UAS
and varying weather conditions
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Figure3-21. Wake hazard area prediction in strong cresgl at airport (0, 40 and 80 s).

3.1.1.7 Improved attitude hold controller designand analysisfor UAS wake encounter

For the WVE problenwherein disturbances are dramatite lowlevel attitude control law will

have the most significant impact on the UAS response, as the response is likely independent of
most highlevel guidance logic. As such, inner loop roll, and pitch hold controMlghsimproved
disturbance negation were the focus of this study.
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A classicalPID 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 rdung& of
sizes and configurations, as evidenced by their wide use insopeoe 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 wifleréint UAS, which is useful for later
comprehensive analysis and comparisons. The roll/pitch hold PID control structure is shown in
Figure3-22.

1
Ki > 5
_|_
¢<,0¢— Kp
¢, 0 P, q >

Figure3-22. 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 secendier transfer functigrwhich was identified from experimental data:

1
i G- i
wherg = 30.7 rad/s is the natural frequency arwl0.62 is the damping coefficient of the
actuator.

0

3.1.1.7.1 Controller specifications

As no handlingguality requirementgxist for small UAS, selecting controller specifications can

be a delicate task. Fdhis application, it is important to select a set of specifications that is
independent of UASpecific parameters, such as size, weight, or configuration. Indtead,
researcherdesire to select a set of specifications that can be used to design controllers for a variety
of UAS. This provides a baseline for direct
wake vortex.

The specifications were selected based onmedraircraft handling quality and flight control
system specification§l7, 18] and existing literature for small UAS mutibjective control
designl19]. Two sets of specifications were used to design a nominal controller and a disturbance
rejection controller (such as wake disturbances).

3.1.1.7.2  Nominalcontroller specifications
The first requirements deal with the stability of the sixigjmut, singleoutput closedoop systems,
%6%emd and——ma. 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:

GainMargin (GM) > 6 dB

PhaseéVargin (PM) > 45 deg (20
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The next requirements deal with the damping ottbsedloop system. These requirements differ
for the longitudinal and the laterdirectional dynamic modes. The damping is required to be
above the minimum values depending on frequency:

TS T | p O KA
- M p ¢ mMOMA (11)
T& U ¢ mOMA
™ puv OMA
™ puv OMA
The step response of the clodedp system is required to have an overshoot less than 10%, and
the gains are constrained based on the empirical methods disculgs¥d in

O T8
O T W

(12)

Lastly, minimum requirements for thRisturbanceRejectionBandwidth (DRB) andDisturbance
RejectionPeak (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 crosses3 dB, and the DRP is defined as the maximum niiade of the
sensitivity function. It has been shown that increasing DRB can lead to increased rejection of
disturbances to the roll or pitch ang[@4]. However, increasing DRB will also come at tuest
of increasing DRP (commonly known as the "waterbed effect"). The disturbance rejection
requirements are:

$2" T OKA

$20 uvA"

The nominal controller was tuned by hand to achieve a desirable step response such that all
specifications were met. A consative design was selected to reduce the control surface activity.
The roll and pitch controllers designed for the Khawk55 UAS are summaridedbie3-8
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Figure3-23. Design of disturbance rejection controllers through optimization

3.1.1.7.3 Disturbancerejection controller

Several requirements were relaxed for the disturbance rejection controller, wiltirttege 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 lowfrequency 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 scatedysis 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 visualizéiguare3-23.

Table3-8. Khawk55 roll and pitch controller metrics

Roll controller Pitch controller

Metric Nominal Dist. Rej. Nominal Dist. Rej.

0 0.3 0.530 0.20 0.383

0 0.02 0 0 0

0 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

3.1.1.7.4 Wake encounter simulation withe 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
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discused. 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 adjesctelerations, and
control activity are analyzed to evaluate severity and controller performance.
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Figure3-24. KHawk55 3 0A wake vortdeH,be8@mounter (0=100¢

The first case analyzed is shownFigure 3-24. The UAS was simulated to encounter a wake
vortex at a 3@legree angle. The wake was generated by an aircraft with a 30 m wingses and
a circulation of 100x 7i and core radius of 1.2 m. This size of vortex is representative of a
narrowbody airliner, such as a Boeing #8@0, that is about five miles away from the UAS.
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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 eapbnss 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 fiectory 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.

Thedisturbance rejection controller was very effective under the conditions of the previous case.
However, for rapid WVES, characterized by small vortex radii or-pegvendicular encounter
angles, the different controllers resulted in very little differandbe UAS response. This can be

seen in the encounter shownHFigure3-25. The vortex was generated by an aircraft with a 10 m
wingspan, has circation strength of 1@ 7i hand core radius of 0.4 m. This is representative of

the wake of a singtengine general aviation aircraft. The controller cannot respond quickly enough
and, as such, has less impact on the UAS response during the encourtt&STdreounters 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 th® thasses perpendicularly behind the
generating aircraft, even for wakes of larger sizes. This is demonstré&tigadiia3-26. Even with

the wake generated from a-Bteterwingspan 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, dravemoatinters. Ifrigure3-25, the

UAS was simulated to fly through the wake of the aforementioned small, general aviation aircratft.
The wake is generateat a 16degree climb angle, and the UAS crosses the wake atlagige
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 disturbancerefatioller
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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 encountdrere the UAS is near the vortex core for a long period

of time.
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3.1.1.7.5 Conclusions fosmulation with anattitude 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 rejectionearnrwind 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 prolongeddither the vortex size or encounter angle. However, for

rapid WVESs, such as during perpendicular flight across the wake, both controllers show similar
performance.

3.1.2 Flight dynamics simulationusing norntlinear lift curve coefficients

The equations of motiofor a fixed wing UAS areaugmented to include one of the manyon
linearitiesat play in wake vortex encounter simulation. This model is then used pititha
following controllerto simulate two types of UAS wake vortex encounters.

3.1.2.1 Simulation scenarios

Computer simulationgereconducted to study the effect of the wake vortex produced by a leader
aircraft on a folloving aircraft's stability encountering the vortex. Here, the simulation results of
four scenarios are presented.

Figure 3-28. shows topview snapshots ofach of these scenarios. Each scenario represents an
event where the follower aircraft cruises near a runway while the leader aircratft is taking off. The
two vortices generated from the twing tipsof the leader aircraft can affect the follower aircsaft
stability. The results show how the vortex strength on the follower aircraft varies with its distance
and orientation from the leader aircraft
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(a) Scenario 1 (ST1) (b) Scenario 2 (ST2)
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(c) Scenario 3 (ST3) (d) Scenario 4 (ST4)

Figure3-28. Simulationscenarios

In ST1 & ST2,thefollower aircraft @ SkyHunter described in Sectio8.3.]) is flying at 350 ft
AGL in parallel with the wake vorteproducing a@craft @nAirbus 380)with al5 feet per second
crosswind. In ST3 & ST4 thefollower aircraft (SkyHunter) islsoflying at 350ft AGL across
the wake vortex produced by the leader aircraft (Airbus 380).
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In the first two scenarios (ST1 & STap shownn Figure 3-28, at a timestamp of 0 secs, the
longitudinal distance of the leader aircraft from thikofger 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 la$ two scenarios (ST3 & STAYepicted inFigure 3-28, the follower aircraftlight pathis

oriented at a right angle with the leader aircraft at a timestamp of O secs. The lateral distance of
the leader aircraft from the follower aircraft isloeed from 2000 m (ST4) to 500 m (ST3).

Table3-9. Leaderarrcraft specifications

Aircraft model Class | Mass Wingspan | Takeoff speed
[ka] [m] [ms' ]

Cessna 172 I 1,111 11 31

Boeing 737 I 41,410 34 77

Airbus A380 I 575,000 |64 80

Table3-10. Followeraircraft specifications

Aircraft model Mass Wingspan | Cruise speed
[ka] [m] [ms' 1]
SkyHunter 4 4 14
A leader aircraft model from &rcraftclasses, class |, Il, & lll, is chosen in each scenario. The name and

specifications of these leader aircraft are giveitable 3-9. A small UAV, a SkyHunter is used as an
example follower aircraft model; its specifications are showiaiole3-10.

3.1.2.2 6 DOF Nonlinear equations of motion
Following[1],t he aircraftodés nonl i ne abOFdgstate MNewtos
Euler equations of motion. The aircraft is modeled as a rigid body of magshinertia tensor

J.Thel>st ate vector i ncl udiksnylme ,atitudebasedanBwer 3 D p «
angles (i.e., roll, pitch, and ya®k %&-H |, translational velocity k 6hbhY , and angular

velocity] ORRY . The aircraft is controlled using four control inpuigk 1 A A A

which are throttle, elevator, aileron, rudder deflections, respectikzgjyations & Motion for

translational and angular momentum are

ar e (

on 11 ooon ||,B"O
a
and
1110 o1 n 1
respectively. Where©O k "OHOHO represents the summation of forces generateken

body frame & due to gravity, aerodynamics, and thrust. Similaily, k o re
the summation of moments generatedundue to aerodynamics and thrust.

represents
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Longitudinal and lateral directional force and moment coefficients are described byrdist

Taylor series approximatisnLift force coefficients ¢ ) and pitching moment coefficients ()

are expressed as a function off}, 0,| , and . Lateral force coefficientd ), rolling moment
coefficient ¢ ), and yawing moment coefficie®@ ) ar e expr essendi,jaanda f unc
1 . The stability and control derivative coefficients for the aircraft are calculated using Advanced
Aircraft Analysis (AAA)[22] software package.

The dag coefficient§ ) is provided bythe Prandtl nonlinear relationship
- 0

° 6 Fwq
Lift force coefficients¢ J)aremodel ed as a nonl indg28r function o
0 0o 0| YObB— (13)
YOO O 0| O
. 0
v PNEY

The nonlinead vs| (normalized) graph is shown Figure3-29.
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Figure3-29. Nonlineard versus graph

The arcraft relative airspeed vecton , is defined(in the body frampas thevelocities of the
UAV relative to the surrounding air masgslocity,0 , also in the body frame. That is:
0

on no VTR
0
From the airspeed vector, we can calculate the total airspeed t he angl e of attze
sideslip angle b as

wll 110 0 0
| OAT — (14)
I OET — (19
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The follower aircraft encounters the wake vortex the leadteraft produces if the distance
between these two aircraft is within the impact range. The Buntfaiack vortex modegives
the velocity distribution of the wake vortex, and its detailed implementation can beifdéihd

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 sectiog tp relative to the leader
aircraft. This is expressed as external wind components in the body framefdnitey section

U , positioned at the tip of the section. The wind relative airspeed vector correspondin@to the
wing section$ then converted into airflow angles @ndf ) using Equation§14) and(15). The

Lift coefficient corresponding to Fo , is calculated using Equati¢h3) andtherolling moment
coefficient is calculated by

6 - -—66 @ (16)

where— is the dynamic pressure ratit,is section planform areais the wingspan, ane is
the y-axis distance of the section tip from the center of gravity of the follower aircraft.

b

Ve \
i-th wing

section

[

SkyHunter

T Yi

7
f

AirbUS A380 I ------------------------------------- AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA o
i :

Runway I

Figure3-30. Wake vortex experiencday the ith wing section tip located abfw) position
relative tothe leader aircraft.

The actuator dynamics is modeled by first order integsatih their respective time constants.

The thrust is modeled as a cubic polynomial function of the throttle input, where the model
coefficients are estimated through experiménheasurements of the static thrust values at
different throttle locations.

3.1.2.3 Simulation resultswith a path-following controller

Closal-loop simulation results of the four scenarios are presentedon Reference source not

found. througlError! Reference source not found.Each figure shows follower aircraft closed

loop states such as AOA, roll attkel 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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reinforcememMearningbased longitudinal state controller and model predictive cobeeed
lateralstate controllearegiven in[24] and[25], respectively.
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Figure3-33. Follower aircraft states in ST3.
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Figure3-34. Follower aircraftstates in ST4.

Comparing ST1 states with ST2 and ST3 states with B1gl,shownthat the impact of wing
vortices on the follower aircrafiecreases as the distanoereasesAlso, this impact is much more
prominent in cross orientation (ST3 & ST4) tharparallel orientation (ST1 & ST2). In cress
orientation, different wing sections experience different AOA, which causes the follower aircraft
to roll either left or right depending on its position and orientafiomof! Reference source not

found. ancerror! Reference source not found). If one of the wing sections of the follower
aircraft is too close to the wake vortex, @A for that wing section may exceed the max AOA
(Error! Reference source not foundthrougherror! Reference source not found). This causes

abrupt rolling moments, sudden drops in altitude due to stall, and the aircraft enters a nonlinear
and unsteady dynamgtate In ST2, the follower aircraft is at a 300 m distance at the beginning
timestamp (150 secs) and reaches an unstablecstatkition at a timestamp of 230 secs; un
recoverable by the controllerln 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, althoughhe follower aircraft distance at the beginning timestamp (150 secs) is the same
as ST1 (500 m), the aircraft reaches theegoverable state condition at about 190 secs timestamp.
This unrecoverable state condition persists even when the distancesigsad to 2000 m in ST4.

3.1.2.4 Estimation of a safe distance for a 90vake encounter

Based on theame simulation process for theases reported abowaefunction has been created
to determineacceptable distances behind a wgkaerating aircraft famo twin-boom UAS with
weights of4, 6 and 27 kg (8.8, 13.2 and 59.4 |b)
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A pictorial representation of an encounter is showRigure 3-35 and Figure 3-36, where the
follower aircraft encounters the wirigp wake vortices of the leader aircraft at a relative angle of

90 cegrees. The distande is thelateraldistance between the leader and follower at which an
encount er i wwhedtheUASflyingfatalatide loas, arrives at thelescending wake

of the leader UASas shown irFigure3-36. The definition of safe is when selected states of the
UAS exceed prselectedallowable which are discussed later in this section. The tiineando

denote the time @heencounter othe first wakevortex and théime that the UAS exits treecond

wake vortex, respectivelyThese times are defined in terms of the speed of the leader aircraft
(LAS). During thetothme] egpder Bircraft travels dis
Figure3-36. The simulated encounter occurs at the altitude at which the UAS encounters the
wake. The BurnhamHallock circulation model is used and the EDR is assumed to be 0.01

& 7i . Aswith the simulation ithe previousection, the Apathfollowing controller is used.

The vertical separation of the generating aircraft and the UAS can be determined based on the sink
rate of the vorticef59-60].
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Figure3-36. UASencounters wake generated by leader aircraft at eeBive angle (side view).

Three leader and three follower UAS of different sizes were considered; their specifications are
given inTable3-11andTable3-12
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Simulations were conducted for a rangef(which, along with LAS defines

Table3-11. Leader aircraft specifications.

LeaderAircraft Mass Wingspan | Takeoff speed
[ka] [m] [m/s]
C 130 69,750 |40 54
Boeing 737 41,410 |34 77
Airbus A380 575,000 | 64 80
Table3-12. FollowerUASspecifications.
UAS Mass Wingspan | Cruise speed
[ka] [m] [m/s]
SkyHunter 4 1.8 14
Boreas 6 2.4 17
Argus 27 2.9 31

Ph- to)40 t

determine the minimum safe distan€k ( ) for a specific leadefollower pair and relative angle.

Two differentcriteria used to determiri@

usi

ng

areshown in Table 3. These criteria are constructed

ower ai

i mits or bounds on the f ol
rates. A failure or lossf-control (LoC) event imssumedo occur if these bounds are violated.
Table3-13. Limits
gggg?mfg{ Rgla>_<ed $tri§:t
statesState (Criteria1) (Criteria2)
variable

Z-accelerationg >+3¢ >+3¢

Roll-rates, P > +60 deg/s | > +40 deg/s

Pitch-rates, Q > +30deg/s > +15 deg/s

Yaw-rates, R > +20 deg/s | > +10 deg/s

Table3-14. Minimum safelateraldistancesd,, (in kilometers) for 90 degrees relative angle.

Leader Aircraft

Follower Aircraft
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SkyHunter Boreas Argus
130 Criteria1: 1.8 | Criterial: 2.1 | Criteria-1: 2.5
Criteria2: 2.1 | Criteria2: 2.5 | Criteria2: 3.5
_ Criteria1: 1.0 | Criterial: 1.5 | Criterial: 1.5
Boeing 737 — — —
Criteria2: 1.5 | Criteria2: 2.0 | Ciriteria2: 2.5
_ Criteria1: 3.2 | Criteria1: 3.7 | Criterial: 5.8
Airbus A380 — — —
Criteria2: 3.7 | Criteria2: 4.2 | Criteria2: 7.4

Table3-15. Minimum safe distances froteader aircraft takeoffin kilometers)for UAS flight at 500 ft
AGL.
. Follower Aircraft
L r Aircr
eader Aircraft SkyHunter Argus
c130 Crlterlal: 9.6 Cr!ter!&l: 6.0
Criteria2: 11.0 [ Criteria2: 8.6
. Criteria1: 7.0 | Criteria1: 4.7
Boeing 737 Criteria2: 10.0 | Criteria2: 8.0
. Criteria-1l: 23.2 | Criteria-1: 19.1
Alrbus A380 Criteria2: 24.6 | Criteria2: 24.5

As in show inTable 3-15 the safe distance between leader aircraft tarad differentfollower
aircraft decreases as the size and cruise speed of UAS increases. Aircraft and UAS flight
characteristics and safedistanccr i t eri on can be updated using

3.1.3 Conclusionson modeling and simulation of UAS wake encounters and hazardous
conditions
Simulations olUAS response twake vortex encountehave showexcursions in states such as
angle of attackpitch rate and roll ratewhich are beyond what the flight dynamit®delsare
intended to coverOne way olusingthis information is tcwonsider that if a UAS is likely tenter
airspace in which it wilencounter a wake vortex circulation which caumesh departures from
trim, it should be prohibited from entering that airspake.such,classificationof airspaces in
terms of the maximurwake vortex circulation likely to be encountered mawppropride. The
process to establish such airspace is essentially the same as that preSautigohi?. 3.

3.2 Fully physics-based modeling usingCFD for fixed wing UAS

Theay, 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 closddrm analytical theory is not possthiBecause of this, researchers rely

on extensive experimentation and computation to obtain accurate rétukisver,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 exgmsive testing facilities and highly sensitive equipment. This is
especially true for fulkcale flight tests which take months of planning and financial investment.

On the other hand, computations pose a less cumbersome alternative to data acquisiéeer, Ho

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 examplg6hthe dynamic stability derivatives

were evaluated for three spstabilized projectiles using steadiate CFD methods amdmpared

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 cotldenclearly defined.

Another example is the investigation of the ability of Reyndlderaged Navier Stokes (RANS)
simulations to predict the stability derivatives of the Standard Dynamics Model aircraft subjected
to periodic pitch oscillationf27]. After comparing the computed stiffness and dampinghef t
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 Horear aerodynamictenomena became dominant. Similar
computationakxperimental comparisons of stability derivatives have been conduck2d]laynd

[29]. In [28], it was found that the static and longitudinal stability derivatives of the SACCON
UAV obtained from computation agreed well with reference valuef29j) the same authors
moved on to compute the dynamic stability derivatives of various missiles and aircraft using a
variety of computational methods. After comparamgpirical, semempirical, frequencylomain,

and unsteady CFD results to experimental results, the authors concluded tiuendent CFD
methods provide the highest resolution but suffers heavily from computational requirements
including simulation tira.

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 addressedctgap is that

the majority of published studies are using-order computational methoddost of these studies

only provide comparisons to labased experiments where fiight disturbances such as
environmental turbulence and gusts are not adeduior. One such example of this is the work

of [30] which used StarCCM+ to study the dragucteristics of a tricycistyle UAV landing

gear. In the work, a second order in space and time scheme is used and the results are compared
to windtunnel experiments. The reliability of these types of studies can be enhanced by either
using a higkorder NavierStokes KN.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 wdiilbpnd[32]. In [31], the
structural and longitudinal flighdynamics of a 14-pound, flexible flying wing drone with a
wingspan of ten feet is analyzed using an open source VLM and compared against flight test
results. IN32], the aerodynamic behavior of two fsitale 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 rot@tést stand.

The most reliable of studies, although scarce, is work which compares bottdeigiz, high-
order computation and real flight test data. To the bestlofe r e skaaviedgd, the wodk
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shown in[33] is the only example of higbrder computational solutions being compared against
real flighttest data. Furthermore, it is rare to find literature which comparedidelity

computational methods such as the VLM to Higlelity, high-order Implicit Large Eddy

Simulation(ILES) methods and flightest data. The primary contribution of this work will address
this shortcoming.

3.2.1 KHawk-55 UAS,problemdescription andcomputationalmeshes
3.2.1.1 KHawk-55 UASconfiguration

Due to its simple geometry, a flyinging UAS called KHawk55 is studied in this paper. The
KHawk-55 UASwas developed at the University of Kansas and is showamgure 3-37. It is a

2.57 kg flyingwing UAS with a 1.4m wingspan. The vehicle is controlled by two elevons and an
electric brushless motor. The vehiclebs

Table3-16.

mas s

The KHawk55 UAS is constructed primarily from EPO foam. The underside of the UAS is

reinforced with fiberglass laminate to support belly landings. A Anolieé probe is mounted on

the nose of thaircraft for airspeed and air flow angle measurement. An onboard Microstrain GX3
Inertial Measurementnit (IMU) measures the acceleration, angular rate, and attitude of the

aircraft. A Ublox Leak6H GPS receiver records position and velocity informatidinperipheral

hardware is connected to a Paparazzi TWOG autopilot which is used for command generation,
automatic control, and data recording.

Figure3-37. Isometricview of KHawk55 UASplatform

Table3-16. KHawk-55 UAS specification

Mass (kg) | Wingspan (m)| Cruise Speed (m/g Mean Aerodynamic| Wing Area (nf)
Chord (m)
2.57 14 18 0.36 0.497
Wingtip | Wingtip Max Wingtip Max Mean Aerodynamic Center Max
Chord (m)| Thickness (m)| Thickness Positior Chord Max Thickness Positiof
From LE (m) Thickness (m) From LE (m)
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| 028 | 0034 | 0.086 | 0.055 | 0.139 |

3.2.1.2 Problem description

Computation of two main types of aerodynamic paransetireaddressedn this study 1)
Computation of total aerodynamic force and moment coefficients suah fés, 6 and

6 D, which can be used to support research such as prediction of aircraft turbulence
responseand 2) computation of stability and control derivatives 76 76 ,6 70 710

0 ¥6 7T0 ,which can be used to support research such as aircraft design, aircraft flight
simulator, and flight controller design.

To obtain as wide wariety of results as possible, low fidelity solutions are compared to a variety
of low-andhigh order, high fidelity computational solutions as well as flight test data. In addition,
the highfidelity computational results include both the full model &l 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
valuesestimated using frequency or time domain metlaod, as in other methods there will be a
range ofuncertainty[34, 35} The flight identified aerodynamic parameters are widely used in
flight controller design and aircraft flight simulation. However, certain parameters sich @s

0 are very difficult to measure accurately in flights. Léidelity CFD methods suchs 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. Higirder CFD, like those used ihi$ study, have the advantage of
including viscous effects and turbulence modeling. However, they suffer from long computational
times, and larger memory requirements.

Resultdrom this study willhelp determingvhen lowfidelity solutions are satisfactpfor aircraft
stability analyses or if a higtdelity computation is required. This conclusion is essential due to
the timesavings offered by lovfidelity computations.

3.2.1.3 Computational grids

For VLM, the wing geometry is divided into a set of lifting psnend the total lift force is
obtained by integrating lift on each panel individually. The KHawk55 geometry was divided into
3 parts: fuselage, main wingnd winglet as shown irFigure 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 meshéd 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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Body z-coordinate

0 Body x-coordinate

Figure3-38. 3D paneldistribution andcollocationpoints fortornadomesh

For the higHfidelity CFD domains, two sets of mixed meshes were generated in the proprietary
meshing software, Pointwise: a hatbdel and full model. In both casesgherical faifield with

a radius of 106 wherec is the center chord, was used to prevent any turbuleased reflections

from occurring at the fafield boundary conditiong.able3-17and(21.0) display the mesh metrics

for the grids at each of the tested angles of attack. It shoulotéé thasinceviscous effects were
included in the higHidelity simulations, all meshes included a refinement region in the boundary
layer as shown ifigure3-39.

Table3-17. High-fidelity CFD meshmetrics forzerodegreesangle ofattack

Simulation 1D Mesh Number of | Number of DOFs pel w
Order Elements Equaion

StarCCM (First Order Linear 1,498,227 1,498,227 N/A
Upwind)i Half Model

StarCCM (Second Order Linear 1,498,227 1,498,227 N/A
Upwind)i Half Model

StarCCM (Third Order Linear 1,498,227 1,498,227 N/A
MUSCL) T Half Model

HpMusic (p =1) 1 Half Model | Quadratic 198,470 1,023,170 1.95

HpMusic (p = 2)i Half Model | Quadratic 198,470 2,904,191 1.35

HpMusic (p = 3)i Half Model | Quadratic 198,470 6,271,624 1.06

HpMusic (p = 2)i Full Model | Quadratic 1,029,840 16,164,019 0.94
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Table3-18. High-fidelity CFD meshmetrics forsix degreesangle ofattack

Simulation 1D Mesh Order Number of Number of ()
Elements DOFs per
Equation
HpMusic (p = 1) Quadratic 198,470 1,023,170 1.99
T Half Model
HpMusic (p = 2) Quadratic 198,470 2,904,191 1.41
T Half Model

(a) Sectionview of HpMusichalf-wing (b) Sectionview of StarCCMhalf-wing
mesh mesh

(c) Sectionview of HpMusicfull-wing (d) Isometricview of HpMusicfull-wing
mesh mesh

Figure3-39. Computationatenderings of KHawk58esh
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3.2.2 Flight test basedystemidentification of UASdynamics

3.2.2.1 Equations ofmotion

In the flight dynamics field)inearized 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
repregntation of the aircraft dynamics around the trim condition. Typically, the aircraft dynamics
are separated into 3DOF longitudinal and latdredctional models, which are assumed to be
decoupled.

Often, the focal point of the aircraft system identifioatiprocess 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
momentslift, drag, and pitching moment, are given by

5 & 61 61/ 6 1 (172)
8 6 61 6 AR & 1 (17b)
5 &6 61 6/ b6 1 (17¢)

where| is the angleof-attack,r| is nondimensionalized pitch rate, 4ndis the elevator surface
deflection. The lateradirectional force and moment coefficients can be defined similarly. At
steady state flight, the aircraft pitch rate is zero, and the longitudinal equations stmplify

5 6 81 6 9 (18)
8 & &1 8 1 (18b)
5 6 8 | 8 1 (18)

3.2.2.2 Systemidentification approach

In previous works, decoupled, linear state space models were identified from flight test data
through system identification technigues. Piloted and automated frequency sweep maneuvers were
performed to excite the UAS dynamics over a designed frequenay. fEimgn, 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 softwapackage. More information regarding the system
identification results and procedure can be foun@@hand[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 shivi. ifonte 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 mo®@jents
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Comparatively, higHidelity CFD methods are based on the NanB8&wkes equations, typically
resulting in higher accuracy but longer computation times when compared to VLM.

VLM was used to calculate aerodynamic forces and monemisstability and conttalerivatives

to provide comparison with higidelity CFD results. This was implemented via Torndddu,

an open source MATLAB toolbop]. VLM is devebped based on lifting surface theory with
Kutta-Jukovski theorem applied on each individual pahieé forces and moments are calculated

by:

O ) 3 a (19
0 O (20)

where,
W W o000V r‘]FﬁFi (21

and” istheairdensityyi s t he vortexods t ®a nissthedeestreamsviedy me nt
velocity, andd 0 0 © U is the collocation poinand nMh 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 derivatimdkdifinite
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 TAlRCEM+.

This package is based on the finite volume method and offers lbattandhigh order
computational schemes. For this work, the first and second order upwind schemes were used to
produce the low spatial order results. Additionally, the tbirdier Monotonic Upstreafoentered
Scheme for Conservation Laws (MUSCL) was usegknerate the higbrder results by extending

the stencil. The secormtder BDF20PT scheme was used for temporal integration. Lastly,
because variable gradients are required at cell centers andfaceetenters, the Hybrid Gauss
Least Squares was uskd gradient reconstruction.

3.2.4.2 FR/CPR Method

A high-orderLargeEddy Simulation (LES) tool called hpMusi@8] is used in the computational
study. The tool is based &iux Reconstruction (FR) dCorrectionProcedure vidReconstruction
(CPR) method originally developed [B89] for hyperbolic partial differential equations. The
method is capable of handling mixed unstructured megHEs4l] and also has some recent
advancements in terms ofighly-scalable GPU capability42] and farfield aeroacoustic
prediction methodd3]. Further developmentsere made to this toaind a review wapresented

in [44, 45] This method belongs to discontinuous finite element methods, similar to the
discontinuous Galerkif46] and spectral differencpt7] methods, but also has some unique
advantages. Herie presengéd a brief introduction of the/CPR methodrsitag from a hyperbolic
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conservation law governing inviscid flow.

%ni}:’ﬁ mn 22

with initial and boundary conditions, where the vetlaronsists of conservative variables, &nd
is the flux. By discretizing the computational domain with 4eeerlapping elements, and
introducing an arbitrary test functienin each element, the weighted residual formulatior22¥ (

on elemenV, can be expressed as

o XN AN T8 (23

The conservative variables inside one element are assumegtdyhemials andexpressed by
nodal values at certain points called solution points. After applying integration by parts to the
divergence of flux, replacing the normal flux ternittwa common Riemann flu¥O and
integrating back by partsgsulting in

e e . o wx
5 Am N Am + O oOn A3 m (24)

Here, the common Riemann flux is computed with a Riemann solver

0 0 AmM A (29

whereUi: stands for the solution outside the current elementnadehotes the outward normal
direction of the interface. The normal flux at the interface is:

ofn  ¢R J (26)
Note that if the face integral ir24) can be transformed into an element integral then the test
function wil/ be el i minat ed.isdetfined o eatreeiemdntaas d o
«7 Am e« O A3 (27)

where "O O "O | isthe normal flux jumpEquationg24) and @7) result in

= n%R 1 -Ay m (29
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The final formulation for each solution poijnis

L LR (29
wheret denotes a projection to the polynomial space, and subscript j denoteth thaytion
point in a certain element.

For viscous flux involving the gradient of conservative varialites researchenssal the Bassi
Rebay 2 schem@8]. No subscale stress models are used. Theegfine present simulations are
called ILES. For underesolved flow featureshe researchemsmployed an accuracypreserving
limiter to stabilize the simulatiof#9].

For problems with complex geometries, it is very challenging to generate a mesh without any bad
elements, which may have nearly diminishing cell volumess gibbally 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 presenudy, the researcheresmployed an optimized backward difference
formula, which is secondrder accurate and-stable (BDF20OPT0], and involves four time
levels.The researchemployedan LU-SGS solver for the implicit systef1].

3.2.5 Results anddiscussions

In order to assess the performance betweeraloshhigh fidelity computations against flight test,

a variety of performance metrics were analyzed. Thasé&ics 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
andisosurfaces of riteria are presented. It is important to note here that when applicable, the
results are also compared against ursgdgfertain
variance for the identified parametersvhere variance is defineab the square of the standard
deviation. In essence, confidence intervalgresenthe probabity that the measured value lies
within the upper and lower bounds. These confidence intervals are genemgextraneous
factors such as numerical noiseigihmay be included in the experiment.

The Reynolds number based on center chBed, was set to 444,000 to match the flight test
condition andall CFD simulations for this work were conductesing the High Performance
Computing Cluster at thEniversity of Kansas The cluster features a range of CPU and GPU
hardware.

Lastly, a note regarding terminology. this study, terms such as loandhigh fidelity and low
andhigh order are used. Initially, these may seem interchangeable, but they are not. bayihand
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 deliemporal transience, rotationality,
along with a variety of other physical phenomena. This is why it is labeled-BdieNty solver.

On the other hand, higfidelity solvers utilize the fulN.S equations which totally describe all
aspects of fluid Bw such as viscous effects, turbulence, etc. Howsugresolversthatattempt

to approximate the full N.S equations can have varying orders of spatial accuracy, this is where
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the term lowandhigh order solutions stems from. In essence;amathigh order solutions are a
subset of higHidelity solutions.

3.2.5.1 Force andmoment coefficients

The lift coefficients obtained by each caseZero and sixdegreesngle of attack are shown in
Table3-19 and 23.Q It is readily apparent that strong agreement between all of thputed
solutionsis 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 zergrées 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 resultslis the ful
model, thirdorder (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 Fedut 1.

Table3-19. Lift coefficient (G) results forzerodegreesangle ofattack

Case ID Measured | Percentage Difference to Flight

CL Test

Flight Test 0.3433 N/A

HpMusic (p=1)i Half Model 0.0706 -79.4

HpMusic (p=2)i Half Model 0.0735 -78.6

HpMusic (p=3)i Half Model 0.0677 -80.3

HpMusic (p=2)i Full Model 0.0650 -81.1

Tornado (VLM)i Full Model 0.1233 -64.1

StarCCM+ (First Order Upwind) Half 0.0659 -80.8
Model

StarCCM+ (Second Ordéipwind) i Half 0.0655 -80.9
Model

StarCCM+ (Thlrﬁﬂ(())(;gler MUSCL) Half 0.0706 794

Table3-20. Lift coefficient (G) results forsix degreesngle ofattack

Case ID MeasuredC. | PercentageDifference to Flight Test
Flight Test 0.8221 N/A

HpMusic (p=1)i Half Model 0.4859 -40.9

HpMusic (p=2)i Half Model 0.4991 -39.3

HpMusic (p=2)i Full Model 0.5200 -36.8

Tornado (VLM)i Full Model 0.5014 -39.1
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Figure3-40. Totallift coefficient (G) atzero- andsix-degreesngle ofattack

The drag coefficientat zercdegreeand sixdegreeangles of attackarepresentedn Table3-21

and 25.0respectively 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 therdiestupwind
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 tbnder (p=2) fullmodel 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 irFigure 3-41. At this point it is worth noting that the Tornado
results havedilen within the flight test uncertainty band for onbye of the four tested cases.
Lastly, as was the case with the lift coefficient, it is worth noting that an {umedictive trend is

again observable in the computational results.

Table3-21. Dragcoefficient (&) results forzerodegreesangle ofattack

Case ID Measured Percentage Difference to Flight

Co Test

Flight Test 0.0204 N/A

HpMusic (p=1)i Half Model 0.0145 -28.9

HpMusic (p=2)i Half Model 0.0175 -14.2

HpMusic (p=3)i Half Model 0.0151 -26.0

HpMusic (p=2)i Full Model 0.0150 -26.5

Tornado (VLM)i Full Model 0.0012 -94.1

StarCCM+ (First Order Upwind) Half 0.0318 559
Model

StarCCM+ (Second Order Upwind)Half 0.0198 29
Model

StarCCM+ (Third Order MUSCL) Half 0.0188 78
Model
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Table3-22. Dragcoefficient (G) results forsix degreesangle ofattack

Case ID MeasuredCp | Percentage Difference to Flight Tes
Flight Test 0.0849 N/A
HpMusic (p=1)i Half Model 0.0668 -21.3
HpMusic (p=2)i Half Model 0.0688 -19.0
HpMusic (p=2)i Full Model 0.0360 -57.6
Tornado (VLM)i Full Model 0.0157 -81.5
0.16
1 Flight Test
0.14 OH])Music (p = 2) - Half Model
. Tornado (VLM) - Full Model
@ 0.12 [|OStarCCM+ (Second Order Upwind) - Half Model
‘;/ 0.1
& 0.08 i
S 0.06 ¢
&
5 0.04
0.02
0 L3 1 1
-1 0 1 2 3 4 5 6 7
Angle of Attack [deg]

Figure3-41. Totaldragcoefficient (G) comparison atero- andsix degreesangle ofattack

Table3-23. Pitchingmomentcoefficient (G,) results forzerodegreesangle ofattack

Case ID MeasuredCn, | Percentage Difference to Flight Tes
Flight Test -0.0278 N/A
HpMusic (p=1)i Half Model -0.0340 -22.3
HpMusic(p=2)1 Half Model -0.0350 -25.9
HpMusic (p=3)i Half Model -0.0320 -15.1
HpMusic (p=2)i Full Model -0.0290 -4.3
Tornado (VLM)1 Full Model -0.0285 -2.5

Table3-23 and27.0shows the pitching moment at sbegree angle of attackspectivelyHere,

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), fulmodel, HpMusic simulatignas wédl as the lowfidelity Tornado resulin the
closest value to the flight test. At six degrees angle of attack theottied (p=2) half model,
HpMusic simulation was able to match the flight test result to within one percent of deviation.
Furthermore, alcomputed solutions were able to stay within the flight test uncertainty band for
both angles of attacks shown irFigure3-42.
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Table3-24. Pitchingmomentcoefficient (Gy) results forsix degreesangle ofattack

Case ID MeasuredCn | Percentage Difference to Flight Te
Flight Test -0.0667 N/A
HpMusic (p=1)i Half Model -0.0670 -0.4
HpMusic (p=2)i Half Model -0.0720 -7.9
HpMusic (p=2)i Full Model -0.0780 -16.9
Tornado (VLM)T Full Model -0.0520 22.0
0
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Figure3-42. Pitchingmomentcoefficient (G,) comparison arero andsix degreesangle ofattack

After analyzingFigure3-40, [44.0, and[45.0 it is apparent that Tornado is less accurate than N.S
style metlods 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 @rewdar 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 idelity VLM methods may still be used for this

type of configuration at zerdegrees angles of attack if used with enough panels to ensure
resolution requirements are met. On the other hand;fluglity N.S solvers which utilize either

a haltfmodel or full model approach seem to produce the most reliability across all oftdee tes
coefficients. However, one must take in to account the orders of magnitude more time it takes to
generate a highdelity solution compared to a lefidelity solution. Interestingly, higlorder

results for this application do not see much improvemeet mw-order results, indicating that
low-order methods may be sufficient. Lastly, there is a clear tendency for the computed results to
underpredict the tested coefficients when compared to flight test.

It should be noted that the bias termsli)(6 h handd |, 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 fligha-flight, especially for small, loveost UAS which are prone to
imperfections and asymmetries in their construction. As such, the flightiésdified stability
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derivatives, which are found in the sequel to this section, may serve as a more reliableereferen
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 irFigure3-43, [47.0Q and[48.0 In Figure3-43, 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, trorder (p=2) HpMusic solution obtains

the value closest to that obtained by the flight test. In terms of clustering, the twuodukf
HpMusic simulations agree to within 3% of each other, indicating Hoatler convergence has

been obtained. Lastly, isishown that the results obtained by Tornado lie just outside the flight
test uncertainty band.

6.000
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5000 3.965 4.060 4~J45 l

4.000 3.618 |
033.000
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1.000

0.000

Tornado - Full HpMusic HpMusic HpMusic  Flight Test
Model (p=1) - Half (p=2) - Half (p=2) - Full
Model Model Model

Figure3-43. Comparison o betweerflight test anccomputations

In Figure3.15, it is again seen that there is significant agreement between tfantbiigh order

half model HpMusic simulations. Both of these simulations fall within the flight test uncertainty
band, indicating satisfactory agreement with flight test results. Haowe&veontrast to the lift
slope, the thirebrder (p=2) full model HpMusic simulation now sits just outside of the uncertainty
band, similar to the Tornado results. This mismatah in between the HpMusic full model and

HpMusic half model is mainly atbuted to the disagreement which occurs at six degrees angle of
attack (Sedable3-22). Although unexpected, several probable factors have been identified as a
cause for this mismatch. The most probable is the difference in mesh resolution. -Fhedskill
mesh is more than fodimes finer than the half body discretization and has a much thinner mesh
to capture the boundary layer (S&gure 3-39). Another factor is the lifter setting used in the
simulations. The limiter was much more active in the -haflel 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 facwwhich is analyzed more in depth in the following
section, is the difference in boundary conditions. Themalfiel simulations include a symmetry
plane boundary condition at the rsgan location. This boundary condition acts as avedil

which is not irluded in the fulmodel mesh. Although these factors have been identified as

79



potential causes for the drag slope mismatch, the determination of the true cause is still under
review.
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Figure3-44. Comparison 0d  betweerflight test andcomparison

In Figure3-45, it is observed that Tornado lies outsideuheertainty 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 betwgerand6  for the HpMusic simulations using the half
model is now significantly diluted. This suggests that tigier methods are requireddf is
desired.

HpMusic HpMusic HpMusic
(p=2) - Full (p=2) - Half (p=1) - Half Tornado - Full
Model Flight Test Model Model Model
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Figure3-45. Comparison 0d  betweerflight testandcomputations

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 methodse less accurate than N.S style methods. On the other
hand, highfidelity 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
clusering between computed results when progressingdéromndd to0  suggestshatfor

0 and6 , low order N.Sstyle simulations are sufficient whereas higer methods are
required ifd  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-Qiteria were carried out.

In regard to théemporally averaged surface pressure coefficient showigure3-46a, it can be

seen that all higlorder solutions, regardless of model used, expegiestrong agreemenp tio

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 nmaxim point at approximately 90% chord. For the six degrees
angle of attack case, shown Ringure 3-46b, it is observed that the deviation occurs mainly in
vicinity of the LeadingEdge (LE) instead of th&railing 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 loworder N.S solution shown iFigure3-46b, 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 representatcnuiate
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

O HpMusic (p=1) - Half Model

HpMusic (p=2) - Half Model
% HpMusic (p=3) - Half Model
[>HpMusic (p=2) - Full Model

Surface Pressure Coefficient (C,
P

Normalized Axial Location (x/c)

81



(b.) Six Degrees Angle of Attack
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Figure3-46. Time-averagedsurfacepressurecoefficientmeasured aguarterspanlocation

Lastly, the isosurfaces of instantaneousr{@erion colored by streamwise velocity are shown in
Figure3-47 and[51.0Q All simulations seem to detect several distinct flow features. The fast is
gradual laminar to turbulent transition along the aft portion of the suction side of the wing which
quickly elevates to largscale structures aft of the TE. The second isl@-#leng 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 lia¢f and full model geometries is the flow at the mid span
(symmetry) location. It can be seen that all fmatfdels, regardless of angle of attack or spatial
order of accuracy, display elevated levels of turbulence at this location when cotogheetill

model. This is attributed to the symmetry plane boundary condition which acts asaalklip
Furthermore, although the turbulence resolution increases in proportion to the spatial order of
accuracy, the largest difference in turbulence resolution sdmtwveen the lowerder (p=1) and

high order (p=2) solution. This is observed for both angles of attack and suggestathetufrate
depiction of the turbulent scales is desired, a spatial order of accuracy of p > 1 should be used.
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Figure3-47. Isosurfaces oifnstantaneous @iterion coloredby streamwisevelocity for zeroangle of

attack
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Figure3-48. Isosurfaces oinstantaneous Qiterion coloredby streamwisevelocity for six
degreesangle ofattack

3.2.6 Conclusionsfor CFD analyses

The aerodynamic coefficients and stability derivatives generated by a variety -ahtivigh

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 -falelity CFD methods such as the

VLM offered comparable results to those obtained by-d&mathigh 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 liftadr 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. Infterms o
stability derivatives, VLM methods provide less accurate results comfmaie& style methods.
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