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ABSTRACT

Elliptic airfoil geometries have been used exteglsivn the development of
Rotor/Wing aircraft. Most recently elliptic airfsihave been employed in the
development of Rotor/Wing Unmanned Aerial VehidldaVs). UAVs play an
expanding role in military and civil applicatioduch research has been conducted
recently in the area of Vertical Take-off and Largl(VTOL) UAVs, and a significant
amount of research has gone into the developmemRaitor/Wing UAV for VTOL
applications. However, a lack of research has lpebtished regarding the aerodynamic
performance and flow characteristics of elliptidals in parameter ranges which would
be applicable in the design and development of R&iog UAVs. This data is of
significant importance to Rotor/Wing UAV design aselvelopment due to the
complexity of flow developments about elliptic aitf including: flow separation over
the leading edge, flow reattachment over suctiofasa of the airfoil, and vortex
shedding downstream of the airfoil. The purposthisfstudy will be to conduct a
parametric investigation on the performance opediairfoils for Rotor/Wing Unmanned
Aerial Vehicles. The objective of this study isctmnduct a two-dimensional,
aerodynamic analysis on a various elliptic airfratameters, compare the results of the
analysis with theoretical predictions and experitakresults, and evaluate handling and
performance characteristics of Rotor/Wing UAVs dgrhover, transition, and forward
flight. It is hoped that the results of this stwgguld provide a better understanding of the
aerodynamic performance and flow characteristicdlgdtic airfoils, and that the results
of this study would be employed in the researchdaelopment of future Rotor/Wing

technology and VTOL UAYV designs.
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1. INTRODUCTION

1.1. RECENT ADVANCEMENTSIN UAV TECHNOLOGY

Developments in Unmanned Aerial Vehicle (UAV) Teclugy have seen a
recent surge in interest and effort due to incréaskance on remotely piloted and
autonomous air vehicles in military and homelanzuséy applications. Overall, the
extent and intensity of studies on new and emergiegs of UAV research has
experienced rapid growth in the aerospace indastdyin the academic sector.

1.1.1. Expanding Interest in UAVs. Unmanned Aerial Vehicles have gained a
crucial role in modern military and civil tactid®perations in which UAVs have been
deployed include reconnaissance, surveillanceetacquisition, electronic warfare and
bomb damage assessment. Currently, more thandbees: nations are active in
developing UAV technology, and the leader in adeaments of UAV technology is the
US. Over five dozen different programs including fkmerican Predator, Global Hawk
and Shadow make up the United States’ arsenal &f [1A

Notably, the greatest benefit obtained from empigyWAVs in military or
homeland security applications is removing the ssitgfor a human operator to enter
into hazardous or risky situations. In additionvattcements in unmanned technology
allow UAVs to be less expensive, higher performisuggd more maneuverable. UAVs do
not require life-support systems and are not lichlig pilot G-force tolerance. These
advantages have accelerated UAVs to the forefroresearch and development. Interest
in UAVs has expanded to emerging civil applicationduding: pipeline and powerline
monitoring, search and rescue, wildlife and fofesibservation, and scientific
observation [1].

1.1.2. Brief Survey of VTOL UAVs Currently in Development. One area of
interest that has seen recent growth and in wihietetis great potential for research
innovation has been Vertical Takeoff and Landing QL) UAVs. A significant number
of military warfare and homeland security applioat require that the UAV takeoff and
land in field conditions where there is little ar space available for ground roll. These
conditions necessitate the need for UAVs whichaidirer takeoff and land vertically, or

can be launched and recovered by ground suppdemsgsLaunch and recovery systems



are typically large, unwieldy and add additionastcm the overall system. Though bulky
launch and recovery equipment is not required if@rat which are capable of vertical
takeoff and landing, current VTOL UAV designs ace as efficient in forward flight and
have the added difficulty of transitioning from lewvto forward flight and vice versa. In
order to overcome these obstacles, much more cdsg#o emerging VTOL
technologies is still needed.

A diverse group of VTOL UAV design concepts areéngsto the forefront of
industry research and development. Major conteniddise VTOL UAV lineup include
rotorcraft, ducted fans, and tilt rotors. RotorttdAVs generally consist of traditional
helicopter configurations. One of the leading rotaft UAV is the A160 Hummingbird.
The hummingbird was originally developed by Frontwehich was purchased in 2004 by
The Boeing Company, who is currently developingwuékicle. Shown in Figure 1.1,
below, the autonomously-flown A160 will break heliter barriers by reaching higher
altitudes, increasing hover time, and travelingatgedistances at high velocities, “The
aircraft's unique characteristics address curnedteanerging requirements of the U.S.
armed forces, the U.S. Department of Homeland &gcand international military and

security organizations.” [3].

Figure 1.1 Photo of the A160 Hummingbird on an @itpaxiway near Victorville, CA.



Another notable unmanned helicopter is the Nortlopmman MQ-8B Fire
Scout. With derivatives for both Navy and the Arrthe Fire Scout has the ability to
takeoff and land autonomously from any aviationatd@ warship, at unprepared and
unimproved landing zones, and in close proximitgdmbat personnel and Tactical
Operations Centers [4]. Shown in Figure 1.2, belbw,Fire Scout has the versatility to
conduct such missions as: surveillance, targetisitigum, target tracking and designation,

and battle damage assessment [5].

Figure 1.2 Photo of MQ-8B Fire Scout in Hover

A growing number of ducted fan VTOL UAVs are cuttgrunder development.
Ducted Fan UAV designs which have had good suao@ssist of tail-sitters in which a
fan or propeller is surrounded by duct. These gométions include Aurora’s Goldeneye
UAV and Allied Aerospace’s iISTAR Miniature UAV. Th&goldeneye-80, Aurora’s most
recently developed Tactical System for DARPA, isigeed for low-cost RSTA
(reconnaissance, surveillance, and target acqungithissions [6]. Shown in Figure 1.3,
below, Goldeneye can “the GoldenEye 80 takes afflands vertically but can transition

to horizontal flight using wings.” [7].



Figure 1.3 Goldeneye in Transition from Hover tovrard Flight

The iISTAR Miniature UAV, under development by Atliderospace, is a small
lift augmented ducted fan which can takeoff veftycand transition into forward flight.
The iISTAR is primarily a surveillance vehicle walhcamera mounted on top, but the
vehicle also offers high speed horizontal flighttmduct a variety of challenging
missions. Shown below, in Figure 1.4, the iISTARsu$® duct surrounding the propeller

as an airfoil in forward flight, providing the nessary lift.

Figure 1.4 Depiction of iISTAR UAV showing transitiédrom hover to forward flight



Only one tilt rotor UAV has been developed so varich has been the Bell Eagle
Eye UAS. This UAV has rotors mounted at each of wiag tips, which can rotate from
vertical orientation during takeoff, hover, anddarg to horizontal orientation for high
speed forward flight. “The Eagle Eye’s ability skeoff and land vertically and then
seamlessly transition to forward flight as a higked fixed wing aircraft provides
operational advantages to land and sea commaragrsannot be found with any other
UAV product.” [8].

Figure 1.5 Photo of Bell Eagle Eye in Hover

An unconventional VTOL UAV which has also playebtkading role in current
research and development efforts has been the @@=inard Rotor/Wing (CRW) UAV.
“The Canard Rotor/Wing (CRW) program explores inatoxe VTOL technologies and
concepts with the potential for significant perfamae improvements that would satisfy
stressing mission needs.” [9]. The CRW UAVs revioluary concept combines the hover

capabilities of a rotorcraft with the forward flighualities of a fixed-wing aircraft [10].



Shown in Figure 1.6, below, this pilotless aircitzs a specially designed rotor which

can lock into a fixed-wing position for jet cruise.

Figure 1.6 Boeing X-50A in hover mode

1.2. LITERATURE SURVEY

The survey of currently under development VTOL UA¥sealed that new and
innovative design concepts have proven to be feliglafe, and technologically advanced
for a variety of critical and necessary missiontse§e ground-breaking prototypes and
technology demonstrators have laid a foundatiorivture breakthroughs in VTOL UAV
technology. Perhaps one of the most exciting aodgaring technology demonstrator is
the Boeing X-50A Dragonfly. However, this vehiceguires a very complex and
hazardous method for transitioning from hover tovérds flight. During conversion
from rotorcraft to fixed-winged aircraft, the cadaving and horizontal tail provide
necessary lift while the rotor blade stops turrang functions as a fixed wing [11].
Although much research and prototype flight teshiage already been conducted, a
demonstration from hover to forward flight has get been completed successfully.

Clearly, a substantial amount of research and aisaiyto Rotor/Wing flight



characteristics is still needed if enhanced CRWqnims are going to be available for
service in the projected 2012 timeframe [11].

1.2.1. Brief History of Rotor/Wing Research. The bulk of research completed
on the CRW design concept has been conducted bip@&&antom Works, previously
by McDonnell Douglas, and is built upon work on 8ikorsky X-Wing [12]. The
Sikorsky S-72 X-Wing, shown in Figure 1.7, belovgsaa hybrid vehicle with a four-
blade rotor which also served as a fixed wing duforward flight [13].

Figure 1.7 Photo of Sikorsky S-72 modified as X-@/tastbed

Various companies, including Boeing, participatedhie X-Wing program along
with Sikorsky, the primary contributor. One of tm@in complications with the X-Wing
was the use of circulation control for varying tiieon the Rotor/Wing blades. Also, the
rotor/wing needed to provide all necessary liftidgrconversion from rotor to fixed
wing. The X-Wing concept for conversion from rotorfixed wing was confirmed with
wind tunnel testing, however, a program fundedamadnstrate the concept on a manned
aircraft was terminated before an attempt at caiorrcould be made [14].

Work on the rotor/wing concept was rejuvenatethaearly 90’s due to a rise of
interest from both the military and commercial sestfor high-speed rotorcraft which
prompted NASA to fund the McDonnell Douglas HelitempCompany to investigate
technology for a high speed Hughes Rotor/Wing gurftion. Sizing Studies for the

investigation showed that the Rotor/Wing conceps W& best concept for a variety of



missions. The superiority of the Rotor/Wing concgigplayed in the investigation
justified a renewal of interest into the developtm&ia successful Rotor/Wing aircratt.
“This revisit of the Hughes Rotor/Wing directly l&althe formulation of the Canard
Rotor/Wing concept.” [14].

As a result of the extensive research conductdddiyonnell Dougles, later
Boeing, the Rotor/Wing concept has broken throufficdlties of historical stopped
rotor vehicles and evolved into a new paradigmviBres concepts used the rotor/wing
to provide lift in all modes of flight includingotary, transition, and fixed wing. The
CRW concept is not dependent on the rotor/wingrautiansition because the canard
wing and horizontal tail can provide enough lifdarontrol to supplement loss of lift by
the main rotor/wing during its conversion to fixathg mode. This new concept allows
the CRW to build on proven technologies from pa&stighs and employ innovative ideas
to accommodate for known obstacles [14].

1.2.2. Recent Developmentsin Canard Rotor/Wing Technology. Key features
of the current CRW concept include: the reactianelsystem, the rotor/wing, and the
conversion process. Figure 1.8, below, shows tdp,and front view of the CRW

configuration.

Figure 1.8 Top, front and side view schematic oéiBg X-50A Dragonfly



Using a reaction-drive system to propel a rotootigh the air with jet nozzles
blowing exhaust out of the rotor tips, as opposespinning the rotor with torque from a
shaft drive system, is a proven technology implee@ion a previous experimental
helicopter programs. The fact that the reactionedsystem is less effective than shaft
drive in rotary mode is outweighed, in this cagetviio main benefits. Firstly, reaction-
drive systems do not need the heavy transmissiothslidve systems necessary for high-
speed proprotor driven configurations. This sigmafit decrease in system weight allows
reaction-drive configurations to achieve higherf@enance in low-speed and high-speed
modes. Secondly, a single jet engine is capahteafiding propulsive power in both
rotary-wing and fixed wing modes. Also, the reactdrive system has the added, high-
speed mode advantage of eliminating the anti-tosyséem needed by conventional
rotorcraft. Anti-torque systems incur unwanted dragigh-speed flight, while the
reaction-drive system allows for full utilizatior tmrbofan thrust at high-speeds during
fixed-wing mode. Overall, the reaction drive systetduces unnecessary complexity
typically associated with high-speed, convertibteraft [14].

In a rotor/wing configuration, the trailing edgetbé retreating blade in rotary-
wing flight converts into the leading edge of thesfl wing in forward flight. In order to
accommodate for this hindrance, the airfoil sediohthe rotor/wing need to have blunt
leading and trailing edges. This requirement islkedl by employing an elliptic airfoil,
however, the blunt trailing edge incurs more peoflfag than a sharp trailing edge on a
typical airfoil. Research into techniques for reidgahe drag, ranging from active flow
control to deployable flaps, continues to be ingaseéd. Some of these techniques have
potential for significant improvements in drag retion. However, the added complexity
of most drag reduction techniques would infringemughe overall simplicity of the CRW
system [14].

A defining characteristic of the CRW is the offlaagl of the rotor/wing during
conversion. To accomplish this, the canard winglamtzontal tail must provide all
necessary lift during transition. High-lift devickesated on the canard and horizontal tail
provide the added lift during conversion and akswe as control surfaces during fixed-
wing mode. Since the canard and talil lifting suefaare de-coupled from the rotor, they

can move independently to maintain stability anelaltitude. As the power required to
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rotate the rotor decreases with the offloadingfobhto the canard and tail, jet engine
exhaust gases can be diverted to a rear jet ntzpi®vide the propulsive force for
forward flight. As a result of the increase in famna thrust, the aircraft is accelerated to
conversion speed while a combination of aerodynamdmechanical braking slows the
rotor to a stopped position. Once the rotor isyfldcked into the fixed-wing position,
aerodynamic loading is transferred from the camaditail to the rotor/wing, completing
the conversion process. Overall, the CRW convergioness, shown below in Figure
1.9, reduces unwanted forces and moments actinigearotor disc while the rotor is

decelerating to a fixed position [14].

Figure 1.9 Schematic of CRW conversion process fioner to fixed-wing flight

Although the CRW conversion process provides sicguitt benefits, non-ideal
load conditions on the rotor, caused by wind gast®aneuvers during transition, can
ultimately become hazardous to the vehicle. Testimdjanalysis of the CRW indicated
that a significant amount of transient aerodynaoacis did affect the rotor/wing during
conversion even though all lift was transferretht® canard wing and horizontal tail.
This occurs because the rotor is decelerating tir@unon-uniform free stream, and thus
transfers unsteady loads to the airframe. “Prezhaobif the amplitude of these unsteady
loads is an important part of sizing the contrafates and actuators of the flight control
system.” [15].

1.2.3. Studiesin Flow over Elliptic Airfoilsand Cylinders. One difficulty for
predicting aerodynamic loading on the rotor/wingi® to vortex shedding off the blunt
trailing edge of the elliptic airfoil. Flow sepai@t over this sharply curved trailing edge,

as opposed to attached flow over a gradually cushedp trailing edge, causes vortices
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to form directly aft of the airfoil. This createswabulent flow field which is difficult to
predict using conventional methods. A significamtoant of work has been conducted to
study flow past elliptic cylinders. Early studigdimed wind tunnel testing and
theoretical analysis to study aerodynamic forcesnldary layers, and velocity
distribution [16] — [19], while, more recently, nencal methods have been employed to
study vortex structures aft of elliptic cylindews & limited range of very small Reynolds
numbers, between 30 and 200 [20]. This range ohBldg numbers would not be
applicable in UAV design. Some work with ellipticfails which could be applied in
UAV design has been conducted. Kwon and Park harestigated vortex flow
structures and aerodynamic characteristics using winnel testing for a single
thickness ratio and Reynolds number [21]. Alsdyilent viscous flow over elliptic
cylinders has been solved using two-dimensionabnmpressible, Navier-Stokes
equations for a limited range of thickness ratimtyween 60% and 120%, and Reynolds
numbers, between 200 and 1,000 [22].

Studies into turbulent viscous flow over elliptiiaders have concluded that
thickness ratio and Reynolds number both havefsignt effects on vortex shedding as
well as lift and drag forces. Kim [22] found thabst of the total drag force on elliptic
cylinders during turbulent viscous airflow was in@ad by pressure drag. Increases in
pressure drag were predominantly affected by isa@®a thickness ratio; as the
thickness ratio was increased, the amplitude af tvece oscillations, and thus the drag
force, increased. Kim also found that vortex shegddiehind the elliptic cylinder formed
periodic and asymmetric flow patterns, which caysedodic forces normal to the
direction of the free stream, lift. In the stude ttoefficient of lift was found to increase
linearly with increases in thickness ratio. Additadly, the frequency of vortex shedding
increased as the Reynolds number increased, howtbedrequency was decrease when
the thickness ratio decreased. While the studyrtegdy Kim employed numerical
analysis, Kwon [21] investigated flow over ellipaafoils using wind tunnel testing.
Kwon [21] measured aerodynamic forces and momenigedl as the velocity field
around and behind the airfoil for a single thiclsestio and Reynolds number. Figure
1.10, below, shows plots of the flow field aft of elliptic airfoil, for smooth and tripped
flow. Wind tunnel tests for smooth flow was condaettvithout any trip devices to cause
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turbulent flow, while tripped cases used trip dotsause turbulent flow over the airfoil.
As can be seen in the plots, streamlines for tdpged un-tripped flow aft of an elliptic

airfoil differ distinctly in that the vortices flown opposite directions.

Figure 1.10 Plot of wake vortex structures takemfiReference 21
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In Kwon and Park’s study, the angle of attack ef éiptic airfoil was varied to
investigate effects of boundary layer separatiam.g&=smooth airfoil in a range of angles
of attack between -4° to 4°, the point on the sucside where the boundary layer
separated was found to move closer to the tradohge while the point on the pressure
side on which the boundary layer separated remdixed. This caused an asymmetric
flow behavior which altered the surface pressuséihution and increased the lift force
in a similar manner as would a conventional flapjoh caused an increase in drag
coefficient. Results for tripped flow did not shélws increase in drag for attack angles
between -4° and 4°. Kwon found that vortex shedaiftt@f a thin elliptic airfoil had a
significant affect on lift and drag forces; andaBmamic characteristics of elliptic
airfoils have been found to differ greatly from tttearacteristics of conventional airfoils.
In his study, Kwon noted that an accurate judgnoante origination of wake structures
could not be made using results from wind tunngstalone which only show velocity
profiles, and Kwon went on to suggest that moréhkrwork regarding wake vortex
structures could more clearly indicate laminarudtilent boundary layer transition over

elliptic airfoils.

1.3. SCOPE OF THISSTUDY

Outcome from the VTOL UAV survey and the literatgtady into Rotor/Wing
research and development has shown that the CRW-tdhept is a unique and
innovative solution for a high-speed unmanned aftavith vertical takeoff and landing
capabilities. This concept has great potentiatdohnological breakthroughs and much
research and development is still needed. Oneeafnibst critical issues delaying fruition
of a successful CRW technology demonstration iees#veffects caused by the unloaded
rotor/wing during transition. These effects wouldrhore adequately studied by gaining
a more in depth understanding of aerodynamic cheniatics associated with elliptic
airfoils employed in rotor/wing design configuraig Greater understanding of elliptic
airfoils could be obtained by utilizing CFD flowlsers to conduct detailed analysis of

parameters which have significant effects on aaradyc performance. Detailed
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parametric analyses of elliptic airfoils would akd in studying aerodynamic
performance in rotary and fixed-wing flight modésconclusion, a parametric study into
the aerodynamic performance of elliptic airfoilsudabenefit future research in CRW
technology development and could serve as a toaidw rotor-wing design concepts.

1.3.1. The Flow Problem and Selected Parameter Range. The flow problem
investigated in this study will be turbulent visediow over elliptic airfoils. Elliptic
airfoils possess a unique characteristic, in tinat blunt trailing edge causes flow
separation and vortex shedding in the flow fieldadithe airfoil, even at low angles of
attack, as opposed to conventional airfoils whiatieha sharp trailing edge. This
characteristic is difficult to predict, due to itsbulent nature, and has received much
interest in recent studies. Now that vast improvaisbave been made in the
development of computational flow solving, compiexmerical algorithms may be
implemented on computational grids of very highnpaiensities. These improvements
allow for in depth parametric studies to be condddor a reasonable cost and in a
practical amount of time. CFD has proven to beedulgool in aerodynamic design and
analysis, even for objects which incur complex flstwctures like elliptic airfoils.

This study will investigate two-dimensional flowlils surrounding elliptic
airfoils for a range of parameters. These paramétetude: Reynolds number (Re),
angle of attacko(), and thickness ratio (t/c). Figure 1.11, belolgwss a schematic of
parameters investigated in this study. One objeativthis study is to produce data for
the parameter range investigated which may be graglm the design and development

of rotor/wing unmanned aerial vehicles.

Figure 1.11 Schematic of flow configuration (nostale)
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In consideration of the prospective benefits to CB&elopment that could be
obtained from a comprehensive understanding gdtelairfoils, the decision was made
to define the scope of this study to investigade/fbout airfoils with blunt leading and
trailing edges. In order for this investigationb® useful as a design tool, analyses of
flow field simulations for a range of airfoil desigwhich are varied for specified
parameters must be conducted. The selected paramsbtaild incur an identifiable
effect on aerodynamic performance and should bed/éor a reasonable range of rotary
and fixed wing flight conditions. To accomplishghCFD analysis will be conducted for
a wide range of flow conditions, as a rotor/windl wkperience high Reynolds numbers
during rotary flight, low Reynolds numbers durimgrtsition, and medium-ranged
Reynolds numbers during fixed-wing flight (1”@ 8*1). Also, thickness ratio will be
studied parametrically for thin airfoils (5% to 25%r angles of attack varying front O
to 2C°. This will allow the study to investigate the effe of vortex shedding aft of the
airfoil on lift and drag forces. By utilizing avalble flow solving software to integrate
force and moment coefficients, the lift and draggrenance can be correlated to plots of
pressure distributions, streamlines and velocitstas. Visualizations of flow
developments including flow separation, vortex safian, and vortex shedding
downstream of the airfoil, as well as plots of sueface pressure on the top and bottom

of the airfoil, will also be investigated

Table 1.1 — Selected Parameter Range

Parameter Selected Range
Re 1*10 [to| 8*10°
a 0° to 20°
t/c 5% to 25%

1.3.2. Validation of Methodology. Initially, the methodology used to conduct the
CFD analysis will be validated by comparing restdtsaerodynamic characteristics of a
symmetrical, 16% thick elliptic airfoil at a Reynal number of 3 x o results of wind

tunnel testing conducted by Kwon [21]. This comgami will show that the griding
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methods, boundary conditions, and flow parameteesl tio conduct the analysis were
accurate and will verify the CFD analysis procésg will be used to conduct the

subsequent parametric study.
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2. COMPUTATIONAL APPROACH

2.1. FLOWFIELD SIMULATION ABOUT AN AIRFOIL

The use of computational flow solvers is vital ne tdesign process as an
inexpensive means of predicting and optimizing dgnamic performance. Throughout
the evolution of CFD technology, many numericaldation methods have been
developed and employed. Successful applicatiomNawefer-Stokes solution methods
using structured grids have helped this methocetodmsidered one of the most accurate.
One approach to the structured grid Navier-Stokethat is the overset grid. In this
approach, flowfield grids generated over a surfamaponent overlaps with other grids
and communication between sets of grids is achigwedigh numerical integration in the
overlap region [23]. The advantage of this mettsothat high quality local grids can be
easily generated. This study will utilize availabtd@tware to apply the overset grid
approach for the structured grid Navier-Stokes oettio analyze the aerodynamic
performance of a two-dimensional wing cross-sectforalyzing the aerodynamic
performance of an airfoil using CFD involves twoimprocesses: grid generation and

flow solving.

2.1.1. Flowfield Grid Generation Technique. There are many methods for
generating flow field grids. Many techniques haeeibdeveloped for the definition of
surface geometry, extractions of surface grids,gameration of volume grids. Generated
flowfield grids are required to have enough resotutn high velocity and pressure
gradient areas for CFD codes to accurately conviergards a solution [24].

2.1.1.1 Surface Geometry Definition Technique. Defining a surface geometry
is the first step in generating an external flovdfigrid about an aerodynamic body.
Defining a surface geometry with adequate resatusa critical step in the CFD
process. Most of the grid areas where high reswiatare required usually occur near
surfaces with large amounts of curvature. The dedimof a surface in regions where
large curvature exists must be very precise sostlvdace grid points extracted from the
geometry accurately and smoothly represent thadieta features of the selected

aerodynamic bodies. An elliptical airfoil is a ril&ly simple shape and can be
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adequately rendered by almost any Computer Aidedting (CAD) software. However,
for the sake of simplicity and in consideratiorsoftware availability, the Aerodynamic
Grid and Paneling System (AGPS) developed by ThargpCompany was the selected
software for the defining of surface geometry iis $tudy. AGPS is user friendly and has
extensive capabilities in surface creation/manigpag import/export, as well as grid
extraction. Figure 2.1, below, illustrates the aoef geometry of an elliptic airfoil as
created using AGPS. In this study, the surfacededised as a solid curve which is
oriented in the y-plane. The curve begins and emndse trailing edge with counter-

clockwise parameterization.

Figure 2.1 Surface Geometry of Elliptical Airfolleated in AGPS

2.1.1.2 Surface Grid Generation Technique. In order to create a surface grid,
grid points must be extracted from a defined cunvsurface. This task was completed
easily employing AGPS. Since the surface definiti@s already created in AGPS, the
next step was to simply use the “extract-grid” coamoh, which can extract a grid from a
curve our surface. The elliptical airfoil was defthas a three dimensional curve in the
xz-plane. Using the “extract-grid” command, gridrge can be established along curve
in a variety of point distributions. Figure 2.2 d&, compares the different point

distribution methods supported in AGPS.
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Figure 2.2 Extract-Grid Point Distribution Methoalgilable in AGPS

As can be seen in Figure 2.2, each method prowifiesent, useful ways to
allocate point densities in different grid regioRer example, a linear point distribution
spaces points evenly along a curve or surfacegwhd curvature integral distribution
spaces points close together in regions of highature and farther apart in regions of
low curvature. These features can be very useftddmse CFD codes converge more
efficiently and produce better results if highempalensities are allocated in regions of
high curvature and large flow gradients. Also, iti@re points existing in a flowfield
grid, the more time and memory allocation requiedxecute a test case. If higher point
densities can be effectively clustered in highnstty flow regions and a sparse array of
points spaced over low intensity flow regions, tigegater flow simulation efficiency can
be achieved. Flow simulation efficiency is vitalilgportant in a CFD analysis, especially
in a parametric study, where many consecutivecests will be executed for one grid.
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In this study, the curvature integral distributimethod provides a simple and
effective technique for extracting points. As cansieen in Figure 2.3, using the
curvature method clusters points in regions of lugtvature, while using other methods
do not distribute the points in a satisfactoryristtion. For example, Figure 2.4 shows a
similar grid extracted using the linear distribatimethod, while Figure 2.5 shows an
additional similar grid extracted using the codiligribution method. In the grid
produced using the linear distribution method, gradhts are distributed in equal
intervals over areas of high curvature (high floaadjent regions) and low curvature (low
flow gradient regions). This is not optimal to CEBalysis because an excessive amount
of time and memory allocation will be spent on limtensity flow regions and not
enough on high intensity regions. In the grid p@gtlusing the cosine distribution
method, more grid points are clustered close tdartikng edge and fewer grid points are
spaced over the leading edge. While this pointitigion is effective at placing more
points in the trailing edge where highly turbul@otv is encountered, the linear
distribution method does not allocate enough pantsind the leading edge where a
stagnation point occurs. Neither of these distidsumethods is as effective at clustering

points in areas of high flow intensity as the ctuva point distribution method.

Figure 2.3 Surface Grid generated in AGPS using&ure Point Distribution

Figure 2.4 Surface Grid generated in AGPS usingéauirPoint Distrubution
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Figure 2.5 Surface Grid generated in AGPS usingr@édoint Distribution

2.1.1.3 Volume Grid Generation Technique. The final step in generating a
flowfield grid is extending a volume grid out fropoints on the surface grid. There are
many volume grid generation techniques that haea leenployed in creating two-
dimensional flowfield grids. Some volume grids eayptonal methods to generate
varying point densities in areas of particular iege, while other methods use continuous
volume grid generation for simplicity and stabilityost volume grid generation
techniques can be categorized into one of two tygtesctured and unstructured.
Unstructured volume grids utilize non-orthogonasd cells which allow the technique
to more easily grow out of complex geometries. Tachnique is commonly employed in
flowfields with multiple components of complex geetmes. Structured grids are more
difficult to grow out of complex geometries, howeuhe relatively simple grid-cell
geometry of structured grids allow them to reqless memory allocation and converge
in a more timely manner than unstructured gridgufé 2.6, below, shows a comparison

of an unstructured grid (a) and a structured do)d (

Figure 2.6 Comparison of an Unstructured Grid (&) a Structured Grid (b)
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The structured volume grid technique can be furtla¢egorized into two sub-
types: orthogonal volume grids and non-orthogooéme grids. Orthogonal volume
grids consist of rectangular shaped grid-cells. Egipg this technique is adequate for a
simple, perpendicularly oriented, flat surface. loer, this technique becomes quite
difficult to grow over curved surfaces. In thesstances, rectangular grid points rarely
lie on the exact surface, where high point-derstie needed to effectively simulate
boundary layers occurring viscous flow over a stefdNon-orthogonal volume grid
techniques are needed to effectively generatewan®prid over a curved surface. Non-
orthogonal volume grids can accurately enforce damnconditions in grid regions
which “grow” out from a surface grid utilizing catinate transformations to create a
boundary-fitted system. This method is much mofecéle for generating flowfield
grids over curved surfaces and is supported byaoé made available by NASA.

As in the surface grid generation technique, regjigrhere high flow gradients
are to be expected, are populated with higher mhansities than regions where low flow
gradients are to be expected. This task is accshedi by varying the density of grid-
point layers over consecutive “L-Regions”. In thtady, volume grids were generated for
three regions: viscous region, focus region, artdraegion. The viscous region is a thin
layer directly surrounding the surface which isegated with a very high grid-point
density. In this region the interval spacing betwte layers are constant and is the
smallest interval spacing for the entire volumelgfihis region clusters many grid points
close to the viscid surface to accurately simulate gradients in the boundary layer.
The focus region includes the next region outsidd® viscous region. This region deals
with the primary areas of interest of the grid. Tiw@er most layer of this region has in
interval spacing equal to that of the viscous regwhile the interval spacing increases as
field propagates outward. This allows the focusaego transition smoothly from the
high point-densities of the viscous region to i point-densities of the outer region.
The outer region is the largest of the three regganmd expands outward for many chord
lengths away from the surface boundary. Very saralbunts of change in flow are
observed in the outer region, therefore, generatiagasingly lower point-densities in

the outer region as the grid layers approach thermost boundary of the volume grid
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allows the flowfield simulation to run more efficigy with less time and memory usage.
Figure 2.7, below, shows the viscous, focus, anidraegions about an elliptic airfoil.

In this study, volume grids were generated usirityvsoe created by NASA,
which is available to students, called HYPGEN (Hygodic Grid Generator). HYPGEN
expands points outward from a surface grid inputfé&e grids generated by AGPS can
be exported as a Plot3D file and loaded into andi#&SA code named OVERGRID.
OVERGRID is equipped with a very user-friendly, gnacal user interface (GUI), which
allows the user to select the desired Plot3D ifilput grid generating parameters,
generate the grid, and write the generated gralftie. The HYPGEN input parameters
allow the user to designate the grid size andvatespacing of the various L-Regions as
well as specifying boundary condition types. HYPGIENquipped with a variety of
available options for many different input param&tehich will not be discussed in
detail by this report, however, more informatiom ¢e obtained from Reference 25.

HYPGEN was employed to generate the volume gridsvahin Figure 2.7. The
volume grid shown was expanded 10 chord lengthsardtfrom an elliptic surface grid.
Boundary condition types specified for this volugral utilized the periodic boundary
condition type for the j-parameter direction and tionstant y interior and boundary
slices in the k-parameter direction.

Generating a volume grid over an airfoil can beoagglished with one of two
grid types: C-grid and O-grid. C-grids have destgdanflow and outflow boundaries
and are used as flowfield grids for airfoils withasp trailing edges. C-grids are created
by first generating a wake surface boundary slitiagkward out of the trailing edge.
This can be accomplished in OVERGRID using WKCUTaf&' Cut). A volume grid
can be expanded outward from the airfoil and wakéase grids using HYPGEN. This
method is advantageous because the forward faciddpgundary can be easily specified
as the inflow boundary and the rearward facing ldaoy can be easily specified as the
outflow boundary. However, some difficulty arisasspecifying the other two boundary
conditions. The boundary condition for the airfmilrface must be set as a viscid wall,
while the wake surface must be specified as aowitutflow boundary. Figure 2.8,

below, shows a C-grid generated over an airfoifesgr grid with a sharp trailing edge.
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Figure 2.7 Tecplot rendering of a non-orthogartalicsured, volume grid showing the
viscous region (top left), focus region (top rigat)d outer region (bottom)
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Figure 2.8 Computer Screenshots of a C-grid volgritegenerated about a NACA 0009
surface grid using Hypgen showing far field, cloge-and boundary layer views

For generating a volume grid over an airfoil withlant trailing edge, an O-grid
technique must be employed. This is because a swakace cut can not easily be created
for a blunt trailing edge. In an O-grid, layerspaiints are expanded out from the airfoil
surface to the outer boundary. The inner airfoifaste boundary can be specified with a
viscid wall boundary condition, while the outer bdlary must be specified with and
inflow/outflow boundary condition. Since the suragrid begins and ends at the trailing
edge, a boundary exists between the inner bouridalipng edge and the outer boundary
trailing edge, which must be specified with a péiedboundary condition. An example of
an O-grid over an elliptic airfoil was shown, prewsly, in Figure 2.7.

2.1.2. Flowfield Solution M ethodology. Simulating a flowfield about a
structured, overset grid using Navier-Stokes gamgrequations involves complex flow
solvers to conduct the numerical analysis methagplication of these methods to flow
problems using flow solvers is a time-consumingptige procedure requiring significant
amounts of processing power and memory usage. Bengl the knowledge and skills to
approach this significant of a computational uraldrtg can prove challenging. The
following section gives a brief overview of flowlsmg and post-processing

methodology employed in this study.
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2.1.2.1 Description of Flow Solver. As previously stated, the selected flowfield
solution method was the overset-structured gridji@&ieStokes solution method. This
solution method has proven to be one of the mastrate, with noteworthy potential for
advanced flowfield analysis. In some cases, monpldied versions of governing flow
eqguations or less accurate numerical methods maylemented to generate faster
results [24]. While these solution methods areisieffit to obtain basic conclusions about
a particular flowfield, they may not be produce qubte results for a thorough
investigation of boundary layer developments aroamd vortex structures aft of elliptic
airfoils. For this application, a flow solver withe capability of accurately modeling low
subsonic, viscous and laminar-turbulent transitifloavs must be employed.

In order to meet the flow solver requirements ofidating a flowfield about an
elliptic airfoil, an available flow solver which grtoys the overset-structured grid,
Navier-Stokes solution method must be used to @arryhe analysis. The selected flow
solver for this application was NASA OVERFLOW. THisw solving code uses time-
accurate, Reynolds-Averaged Navier Stokes (RAN8atons. OVERFLOW was
originally developed to simulate the flow field albdhe space shuttle, and has been
modified to handle low-speed conditions and conweal flight regimes. More
information about OVERFLOW can be obtained from@¢ERFLOW manual [26].

2.1.2.2 Flow Input Parameters. Free-stream conditions for flowfield simulations
in OVERFLOW are driven by flow input parameterse$é parameters include: angle of
attack ), sideslip anglef), free-stream Mach number (J) Reynolds number (Re) and
static temperature (T). Angle of attack and sigeafigle specifies the flow direction.
Other flow parameters including ratio of specifeabs, Prandtl number, and free-stream
turbulence can also be specified, however, thgagsrare not necessary for low speed
flows, as in this study.

2.1.2.3 Boundary Conditions. One of the most challenging and critical aspects of
simulating an accurate flowfield is specificatidrboundary conditions. OVERFLOW is
equipped with many types of boundary conditionsitwlel different types of flow
conditions. Boundary condition types for a givettuwoe grid are specified for ranges of
grid points in the OVERFLOW input deck. In order @VERFLOW to complete a flow
solving iteration, a boundary condition type mustspecified for each grid point on the
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boundary of the domain. Boundary condition typesdus this study include: viscous
adiabatic wall, free-stream/characteristic conditijperiodic condition, and plane
symmetry. The viscous adiabatic wall boundary comdlis applied along the surface of
the airfoil. The free-stream/characteristic cormudtitis applied to the far-field boundary of
the domain. The periodic condition is applied &t pleriodic volume grid boundary which
expands out from the trailing edge of the airfBiene symmetry is applied to the Y-
plane boundary to allow for two-dimensional flonadysis. There are many other
boundary conditions which can be applied, howethese boundary conditions have
been found to work most effectively for flowfieldraulation about an elliptic airfoil.

2.1.2.4 Turbulence Models. One aspect of flowfield solution methodology that
has been an area of interest for research andaggueht has been in the area of
turbulence models. Turbulence models can haverdgfisant influence over flow
behavior, especially in regions of boundary laysyasation and vortex shedding.
Accurate prediction of flow behavior in turbuleegions has long been difficult.
OVERFLOW offers five different turbulence models foedicting turbulent flow,
including the Spalart-Alimaras (SA) model. This mbi$ relatively new, and has
achieved much success in accurately predictingghear regions. For this reason, the
SA model was used in this study.

2.1.2.5 Post-Processing. The OVERFLOW flow solver outputs primitive flow
parameters (density, velocity components, etc) whast be post-processed into
standard flow conditions. Data can be easily extchrom OVERFLOW solution files
using numerical and visual analysis. Numerical ggialcan be done with simple
computer programs included in the OVERFLOW packadele visual analysis must be
conducted using more robust software packages [24].

2.1.2.5.1 Numerical Analysis. Many different types of quantitative investigations
can be conducted for a given flowfield solutioe fiThe primary form of numerical
analysis employed in this study is investigatioio ipressure, force and moment
coefficients. Pressure coefficients can be easilyutated from a flowfield solution file
using Tecplot. Tecplot can then be utilized to piat pressure coefficients over the top
and bottom surfaces of the airfoil. These plotstbanery useful in analyzing and

comparing the pressure distributions occurring @libre surface of an airfoil for varying
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flow parameters. Force and moment coefficientafflowfield solution may be obtained
using software included in the OVERLOW packageschFOMOCO. This software
integrates the force and moment coefficients oneaiidoil. Data obtained from
FOMOCO can then be organized into charts and talsieg) Excel. A combination of
results extracted using Tecplot and FOMOCO canigeoan effective comparison of
flow parameter ranges and can aid in gaining afsatory understanding of airfoil
performance.

2.1.2.5.2 Visual Analysis.Visual analysis is essential to gaining an undatitay
of boundary layer separation and trailing edgeerostructures. Using visual analysis,
one can transform quantitative data into a physialesentation of the flowfield. This
fact bestows added value to the flowfiled analipgigllowing an analyst to easily
envision flow features occurring in particular ax@d interest. The three main plotting
techniques employed in this study include: confgats, streamline plots, and velocity
vector plots. Contour plots can be used to illustgaadients of flowfield solution data
using color scaling techniques. Streamline pldtsaabn analyst to see the development
of streamlines and vortices occurring about anafadin airfoil. Similarly, velocity vector
plots are employed to show velocity profiles ocmgrin the boundary layer as well as
boundary layer separation and vortex structurehBathese techniques is available in

Tecplot graphing package, for further informationTecplot see Reference [27].
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3. VALIDATION OF METHODOLOGY

In order to ensure the accurate computational tgsah extensive validation of
methodology test case was conducted. When using&@aDlysis, it is easy to make
unexpected mistakes which can significantly aherftowfield solutions. By comparing
results produced from CFD analysis with wind turtest results, an analyst can validate
their processes and methodology. Validation tes¢tsavere completed for specified

input parameters based on experimental wind tuesédata found in Reference 21.

3.1. VALIDATION TEST CASE PROCEDURES

The purpose of a validation test case was to vémndy the flowfield solution
results obtained from CFD analysis compared silyitarexperimental data. This
validation test case compared flowfield solutiosulés for specified flow input
parameters to experimental wind tunnel test datadan a previous study. The intent of
the validation cases was not to authenticate tive $lolving software, but merely to
provide confidence in the accuracy of proceduresraathodology which were
employed in the parametric study.

3.1.1. Validation Test Case Grid Generation. In order to conduct the validation
test case a volume grid was generated employinghéthodology outlined in the
previous section. The first step was to creataface definition of the elliptic airfolil.
Airfoil surface definition was based upon the 16%tkness elliptic airfoil studied by
Kwon [21]. The surface definition was created ush@PS. This consisted of a two-
dimensional ellipse, oriented in the XZ-plane, whiad a chord length of one unit in the
positive X-axis and a maximum thickness of 0.16sum the Z-axis located at one-half
of the chord length along the X-axis. The surfaginition for the 16% thick elliptic
airfoil has been placed in Appendix A. From thisface definition, a surface grid of 250
points was extracted using curvature point distidouin AGPS, as seen in Figure 3.1,
below. This point distribution was used so that ynpoints would be clustered in areas

of large curvature, where the largest flow gradiemill typically exist.
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Figure 3.1 Surface grid generated in AGPS with &idits in curvature point distribution

This generated surface grid was exported from A@$8n array of three surface
grids, all oriented in the XZ-plane with one theimgrid located at Y = 0, and two
identical side grids translated a unit length afrarn the main grid, one in the positive
Y-direction and the other in the negative Y-direntiThe entire array was exported in
the Plot-3D ASCII format required for import intoet Chimera Grid Tools (CGT)
package. Once the Plot-3D file was read into CGJglame grid was generated utilizing
HYPGEN. The volume grid was expanded out from tihéase grid using the
methodology outlined in the second chapter. Thentdaty condition used to grow the
volume grid included periodic boundaries at theimim and maximum J-parameter,
both of which were located at the trailing edgéhef airfoil surface. Constant Y interior
and boundary slices were specified for the mininaunmd maximum K-parameter. This
specified the volume grid as a two-dimensional grithe Y-plane.

Three L-regions were used to grow the volume gutvard from the surface
boundary. The first L-region specified a highly demoint density close to the boundary
surface. This region consisted of three point layach spaced 0.0001 chord lengths
apart. The second L-region consisted of 200 payeis expanding outward 0.5 chord
lengths. This region clustered large point dersitiethe primary areas of interest close to
the surface of the airfoil. The third L-Region erdad out into the far field flow region
surrounding the airfoil. The region spaced 100 plaiyers 14.5 chord lengths in all
directions into the free stream, creating a tot&dQG3 point layers expanding 15 chord
lengths outward from the surface of the airfoil.

3.1.2.Flow Solver Input Parameters. Flow solver input parameters are
specified for OVERFLOW using an input deck, whidnsists of over 120 separate input
parameters. The scope of this study involves algodion of the potential input
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parameters, so many of the default settings willdb@ined. The input deck will be used,
primarily, to specify the freestream flow conditsoiReynolds number (Re), Mach

number (M) , and angle of attack:).

3.2. RESULTSOF CFD ANALYSISFOR A 16% ELLIPTIC AIRFOIL

For the validation test case, CFD analysis was wcted on a 16% thick elliptical
airfoil for a Reynolds number of 3.0*1@nd a free stream velocity of 25 m/s. Flow fields
were simulated for a range of attack angles betwéemd 8 degrees at 2 degree
intervals. The following figures show contour pletgh streamlines showing vortex
development aft of an elliptical airfoil at an a&ttaangle of O degrees. As can be seen in
the figures, flow separation occurs over the bteeiting edge, creating two opposing

vortices aft of the airfoil.

Figure 3.2 — Plot of flow development over an eitimirfoil showing pressure
distribution and streamlines.
Re = 3*10, t/c = 16%,0 = 0°



Figure 3.3 - Plot of flow development over an eitirfoil showing pressure
distribution and streamlines.
Re = 3*10, t/c = 16%,0 = 2°

Figure 3.4 - Plot of flow development over an dimirfoil showing pressure
distribution and streamlines.
Re = 3*10, t/c = 16%,0 = 4°
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Figure 3.5 - Plot of flow development over an dimirfoil showing pressure
distribution and streamlines.
Re = 3*10, t/c = 16%,0 = 6°

Figure 3.6 - Plot of flow development over an eitirfoil showing pressure
distribution and streamlines.
Re = 3*10, t/c = 16%,0 = 8°
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At a=0°, flow was observed to be symmetrical, as showFignre 3.2. Atn=2°
the aft vortices are shifted upwards, causing fheuvortex to be larger than the lower
vortex. As can be seen in Figures 3.3 and 3.4, fieer the top of the airfoil flowed over
and around the upper vortex and was pulled backrdsvthe airfoil trailing edge by both
vortices. When the flow hit the trailing edge,henh flowed either upward along the
trailing edge into the upper vortex or downwardnglohe bottom side of the airfoil and
into the lower vortex. At higher angles of attait&w velocity over the top of the airfoll
increased, causing more flow around the upper x@mel in between the two aft
vortices, as can be seen in Figures 3.5 and 3&inkdnease in flow between the aft
vortices caused the lower vortex to shift backwaasgay from the trailing edge, and also
decreased the cross-sectional area of the low&sxorhis occurrence can be visualized
more clearly in Figures 3.7 through 3.11, whichwglvortex development aft of the blunt

trailing edge for a 16% thick elliptic airfoil.

Figure 3.7 - Plot of vortex development downstredran elliptic airfoil showing
pressure distribution and streamlines.
Re = 3*10, t/c = 16%,0 = 0°



Figure 3.8 Contour - Plot of vortex development detkeam of an elliptic airfoil
showing pressure distribution and streamlines.
Re = 3*10, t/c = 16%,0 = 2°

Figure 3.9 - Plot of vortex development downstredran elliptic airfoil showing
pressure distribution and streamlines.
Re = 3*10, t/c = 16%,0=4°
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Figure 3.10 - Plot of vortex development downstredran elliptic airfoil showing
pressure distribution and streamlines.
Re = 3*10, t/c = 16%,0=6°

Figure 3.11 - Plot of vortex development downstredran elliptic airfoil showing
pressure distribution and streamlines.
Re = 3*10, t/c = 16%,0=8°
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Figure 3.12 - Plot of normalized velocity vectanrghe separated flow region of an
elliptic airfoil.
Re = 3*10, t/c = 16%, =0°

Figure 3.13 - Plot of normalized velocity vectarghe separated flow region of an
elliptic airfoil.
Re = 3*10, t/c = 16%,0 =2°
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Figure 3.14 - Plot of normalized velocity vectarghe separated flow region of an
elliptic airfoil.
Re = 3*10, t/c = 16%,0 =4°

Figure 3.15 - Plot of normalized velocity vectarghe separated flow region of an
elliptic airfoil.
Re = 3*10, t/c = 16%,0 =6°
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At a=8°, the cross-sectional area of the lower vortexdiadnished significantly.
The vortex had shifted backwards to the point afdp@lmost aft of the upper vortex,
which caused more of the flow over the bottom sigfaf the airfoil to remain attached.
As can be seen in Figures 3.15 and 3.16, the diagr@oint moved down to the lower

side of the airfoil leading edge.

Figure 3.16 - Plot of normalized velocity vectanghe separated flow region of an
elliptic airfoll..
Re = 3*10, t/c = 16%,0=8°

For attack angles greater thah @ariations in the distribution of surface pregsur
over the top and bottom surfaces of the airfoildretp become interesting. Flow over the
top surface increased greatly over the first quarté¢he surface causing a considerably
lower pressure distribution in that region. Thesgree increased over the top surface as
flow approached the blunt trailing edge. Anotheeiiasting observation was the increase

in flow velocity over the back half of the bottomr&ace of the airfoil, which caused a
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decrease in surface pressure. The following figahesv surface distribution plots for
16% thick elliptic airfoils at a Reynolds number33fL0° for attack angles of°02°, 4°,
6°, and 8.

Figure 3.17 — Plot of surface pressure distribuioound an elliptic airfoil.
Re = 3*10, t/c = 16%0 = 0°

Figure 3.18 — Plot of surface pressure distribuioound an elliptic airfoil.
Re = 3*10, t/c = 16%,0 = 2°



Figure 3.19 — Plot of surface pressure distribuiozund an elliptic airfoil.
Re = 3*10, t/c = 16% = 4°

Figure 3.20 — Plot of surface pressure distributicound an elliptic airfoll.
Re = 3*10, t/c = 16%,0 = 6°
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Figure 3.21 — Plot of surface pressure distribuiovund an elliptic airfoil.
Re = 3*10, t/c = 16%, = 8°

As can be seen in Figure 3.17, the surface presisstrédoution over the top and
bottom sides of the airfoil were the samedef°. For attack angles greater theh the
surface pressure over the top surface was lowarttiebottom surface for most of the
chord length. However, for the last 5-10% of therdhength, the surface pressure over
the top of the airfoil was greater than that ofleétom surface. As the angle of attack
was increased, the surface pressure over thénéitsof the top surface dropped
considerably, as can be observed in Figures 3.d84dr®. Surface pressure distribution
on the bottom side of the airfoil trended nearky §ame at each angle of attack, while the
pressure distribution on the top side changed idedist, as seen in Figure 3.20. &t8°,
an interesting observation was noticed towarddeheing edge of the top surface. The
surface pressure in the first 10% of the chord fwaad to be relatively turbulent, as seen
in Figure 3.21. Upon further investigation of th@sffield simulation, a laminar
separation bubble (LSB) was observed in the turtiidaerface pressure distribution
region. The existence of an LSB in this region wioexplain the surface pressure

distribution observed fax=8°.
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3.2.1. Noteon Laminar Separation Bubble. Laminar Separation Bubbles
(LSB) are one of the most dominant flow formatiofserved in analysis of airfoils at
low Reynolds numbers. Occurrence of a LSB is iaséid when oncoming flow
encounters an adverse pressure gradient in thedboulayer, producing a laminar shear
layer. As the oncoming flow travels downstreamwfloansitions to laminar to turbulent.
This transition energizes the flow, causing reditaent to the airfoil surface. This was
observed in CFD analysis for a 16% thick ellipiical at o = &, and Re = 3 * 1) as

shown in Figure 3.22.

Figure 3.22 Close-up of boundary layer velocityfiee within a laminar separation
bubble developed near the airfoil trailing edge.
Re = 3*10, t/c = 16%. = 8°

3.3. EXPERIMENTAL DATA FOR A 16% THICK ELLIPTIC AIRFOIL

Experimental data for a 16% elliptic airfoil at @y®olds number of 3*f0vas
obtained from Kwon [21]. In Kwon'’s study, lift amgitching moments were determined
using surface pressure distributions and the doafficients were calculated employing
wake velocity profiles. The following figures shghots wake vortex structure data
obtained from wind tunnel testing using particlage velocimetry (PIV). In the “trip”
test cases, boundary layer transition trip was tseshderstand the effects of flow
separation on aerodynamic characteristics. Foy ¢irsular trip dots made of Vinyl tape
were used [21]. Figures 3.23 through 3.27 show aneraged velocity vectors with
streamlines aft of the airfoil far = 0°, 2°, 4°, 6°, and 8.
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Figure 3.23 Wake vortex structure with streamlifi@istained from Reference 21]

Figure 3.24 Wake vortex structure with streamlif@stained from Reference 21]

Figure 3.25 Wake vortex structure with streamlifi@istained from Reference 21]



45

Figure 3.26 Wake vortex structure with streamlifi@stained from Reference 21]

Figure 3.27 Wake vortex structure with streamlifi@stained from Reference 21]

At a = (°, flow for smooth and tripped flow separates im0 symmetrical
vortices, as seen in Figure 3.20. For higher angfi@stack, aft vortices are not
symmetrical. The vortex flow structures shown ie #bove figures for tripped flow
compare similarly to the flow structures observethe CFD Analysis. Kwon and Park
[21] also studied surface pressure distributiomguife 3.25, below, shows the surface
pressure distributions for smooth and tripped cases (°, 2°, 4°, 6°, and 8. At attack
angles less tharf gthe tripped cases compare similarly to the serfaessure

distributions observed in the CFD analysis.
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Figure 3.28 Surface pressure distributions at warengles of attack [Obtained from
Reference 21]
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At a = 8, a leading edge separation bubble was observétesuction side of
the airfoil, which would explain the drop in suréapressure towards the leading edge of
the airfoil. This phenomenon was also observedrb @nalysis.

3.4. COMPARISON OF CFD RESULTSWITH EXPERIMENTAL DATA

By comparing the results obtained from CFD analysik the results taken from
Kwon and Park [21], the CFD analysis methodologyg walidated. As previously stated,
the wake vortex structures shown in the CFD veaihar streamline plots compared
similarly with PIV plots for the tripped wind-tunhtest cases. Figures 3.29 - 3.33 show
comparisons of experimental and CFD flowfield datavarious attack angles.

Figure 3.29 Comparison of experimental and CFD filel data.
Re=3*10, t/c =16%gp = 0°

Figure 3.30 Comparison of experimental and CFD filel data.
Re=3*10, t/c =16%p = 2°
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Figure 3.31 Comparison of experimental and CFD fileld data.
Re=3*1C, t/c =16%g = 4°

Figure 3.32 Comparison of experimental and CFD filel data.
Re=3*10, t/c =16%p = 6°

Figure 3.33 Comparison of experimental and CFD filel data.
Re=3*10, t/c =16%y = 8°
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As can be seen in Figure 3.29, for an angle otlttgual to 0, boundary layer
separation occurred in the tripped wind tunnelingsand in CFD analysis at a location
along the x-axis approximately 97% of the chordyteraway from the leading edge.
Also, vortex structures for tripped wind tunneltteg and CFD analysis extended aft the
airfoil trailing edge approximately 5% of the chdetgth along the x-axis. Aft vortex
structures on both top and bottom of the airfoitevapproximately 2.5% of the chord
length in height for both the wind tunnel testiregadand CFD analysis.

For an angle of attack equal t& s shown in Figure 3.30, the boundary layer
separation point moved forward on the top surfax86% of the chord, while the bottom
surface boundary layer separation point remain®&f @t of the chord. Vortex structure
extension past the trailing edge was reduced teHdé4d length for both wind tunnel and
CFD data, showing similarity. For CFD data, uppedt bower vortex structures shifted
slightly upward, causing the upper vortex structorbave slightly more height than the
lower. However, a limited number of data pointsha wind tunnel plot caused the height
of the vortex structures to be difficult to quantiThis tended to be the case for higher
angle of attacks, vortex structure data for CFDyamacould easily be compared
gualitatively and quantitatively, while a precisgaqgtitative analysis of vortex structure
data obtained wind tunnel testing would have be#icult to accomplish. Table 3.1
shows a comparison of vortex structure data obdigfireen CFD analysis for a 16% thick

elliptic airfoil and a Reynolds number of 3 *°1for various angles of attack.

Table 3-1 Comparison of Flow Separation and Vo8&#aucture

a Vortex| 0° 2° ] 4 6° 8°
Location of Boundary Layer Upper 97 96| 95.5 95 93
Separation (%c) Lower 97 97| 97 97 97
Wake Vortex Length (%c) Upper 5 4] 3.5 3 2
Lower 5 4 4 4 4
Wake Vortex Height (%c) Upper 25| 25 3 3] 35
Lower 2.5 2 1.5 1] 0.5

Surface pressure distribution plots obtained froRb@nalysis compared
similarly with surface distribution plots from tppd wind-tunnel test cases. Comparison
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of CFD analysis results with wind-tunnel resultewld more similarity at low angles of
attack for tripped wind-tunnel test cases. At &taicgles of 6 and greater CFD analysis
compared similarly with both smooth and trippedavionnel test cases. However, some
contrast was observed between CFD analysis andwimel testing results regarding
surface pressure distribution on the lower sidéhefblunt trailing edge. While
observation of both CFD analysis and wind-tunnsiing showed strong suction forces
along the front upper side of the airfoil, wind-thah testing results did not show suction
forces along the convex lower side, as was observE€dD analysis results.

A theoretical description of the lifting characsigcs of an elliptic section was
given by Hoerner [28]. Hoerner illustrated the flower elliptic airfoils, shown in Figure
3.34, as having two separation points which mowerd the trailing edge from the

pressure side to the suction side, creating suactiotine lower side of the trailing edge.

Figure 3.34 Flow characteristics over an ellipgctgon from Hoerner [28]

Hoerner also states that strong suction forcefi@mpper side of the leading
edge, coupled with suction forces on the lower sidibe trailing edge causes the center
of lift to move to approximately 15% of the choahgth. Also, the suction on the bottom
side of the trailing edge would cause a small desen the lift coefficient of the airfoll.
This phenomenon was observed more distinctly in @R&lysis than in the results of the
wind-tunnel test cases. As shown in Figures 3.8l wind tunnel test results for
tripped flow exhibited higher lift coefficients thavas calculated by Hoerner for attack
angles greater tharf.2Data for lift coefficient obtained from CFD ansly is plotted in a

similar graph, Figure 3.36, below.
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Figure 3.35 Lift coefficient with respect to angieattack [Obtained from Reference 21]
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Figure 3.36 Lift coefficient with respect to angleattack obtained using FOMOCO

As shown in Figure 3.36, above, results for lifefficient observed from CFD
analysis followed closely to results from Hoerned avind-tunnel testing for attack
angles of 2 and less. At higher attack angles, results of @Rralysis follows the
symmetric lift coefficient of 2a up too = 6°. Greater than%the lift slope decreases
similarly to the lift slope calculated by Hoernetile the lift slope observed from wind-
tunnel testing increased. Betweern 4° anda = -4°, CFD data for lift coefficient stays

within 0.05 below experimental data. Between 4° &hdexperimental data diverges
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away from CFD data. Ad = 8°, experimental data begins to converge baskatds CFD
data, coming within 0.2 of the CFD data.

Although some contrast was observed between redult&D analysis and wind-
tunnel testing for lift coefficient, results forady coefficient obtained from CFD analysis
compared equivalently to results of tripped windrel test cases. Figure 3.37 shows the
results of wind-tunnel testing for drag coefficiasta function of attack angle, while
Figure 3.38 shows a similar plot for results of Céfalysis. For drag coefficient, CFD
data and experimental tripped data remain withd®® fora < 4°. For 4° and greater,

drag coefficient data for experimental and CFD remathin 0.01.

Figure 3.37 Drag coefficient with respect to angfiattack [Obtained from Reference 21]
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Figure 3.38 Drag coefficient with respect to angflattack obtained using FOMOCO

As shown in Figures 3.37 and 3.38, above, resbligimed from CFD analysis for

drag coefficient appeared to be unaffected by amed suction on the lower side of the
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trailing edge. This was demonstrated in that ttag doefficient plots for results of wind-

tunnel testing and CFD analysis were identical.
3.4.1. Note on Pitching M oment Coefficient

. Also investigated in this study,

was the pitching moment coefficient. Figure 3.36ves wind tunnel results for Pitching

Moment CoefficientCy) with respect to angle of attack from Kwon [21ligire 3.40

shows results obtained for tbg of a 16% thick elli

3*10° with respect to angle of attack.

Figure 3.39 — Pitching Moment Coefficient with

ptic airfoil at a Reynolds nueriof

respto Angle of Attack [Obtained

from Reference 21]
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Figure 3.40 — Pitching Moment Coefficient with respto Angle of Attack obtained
using FOMOCO

As can be seen in Figure 3.39 and Figure

3.40I|tsesbtained from CFD

compared more closely to wind tunnel results fippied flow than with wind tunnel

results for smooth flow obtained from Kwon [21].
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3.5. CONCLUDING REMARKS

The purpose of the validation test case was tdwtre methodology used to
obtain flowfield simulations about elliptic airfsiusing CFD analysis. Validation of
methodology was accomplished by comparing resbitsined from CFD analysis with
experimental wind-tunnel testing results. Comparisbresults obtained from CFD
analysis with wind-tunnel testing results showeat 8imulated flowfields of each
compared similarly, as demonstrated by:

1) Wake vortex structures shown in the CFD vectorstrehmline plots compared
well with P1V plots for the tripped wind-tunnel tesases.

2) Surface pressure distribution plots obtained frdrb@nalysis compared
similarly with surface distribution plots from tppd wind-tunnel test cases.

3) Results for lift coefficient observed from CFD ayms$ followed closely to results
from Hoerner and wind-tunnel testing for most dttangles.

4) Results for drag coefficient obtained from CFD gsm compared well to results
of tripped wind-tunnel test cases.

While most of the results observed in the compar®=oCFD analysis with wind-
tunnel testing showed similar trends, contrast @@served in the flow around the lower
side of the airfoil trailing edge. Results of CFadysis showed greater suction force on
the lower side of the airfoil trailing edge whemgumared with tripped wind-tunnel test
case results. Overall, flowfield simulations getedausing CFD analysis compared
similarly to results obtained using experimentataviunnel analysis. This conclusion
allows for reasonable verification of the methodgi@mployed to simulate flowfields

about an elliptical airfoil using CFD analysis.
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4. RESULTSAND DISCUSSION

4.1. PARAMETRIC STUDY OF ELLIPTIC AIRFOIL PERFORMANCE

The goal of this study is to investigate the perfance and aerodynamic
characteristics of elliptic airfoils for a rangemdrameters. These parameters included:
Reynolds number, thickness ratio, and angle otkttaeynolds number was evaluated at
values of 1*16, 3*10°, 2*10°, and 8*16. The Reynolds number range was chosen to
show an identifiable effect on aerodynamic perfarogaand are varied for a reasonable
range of rotary and fixed wing flight conditionsgh Reynolds numbers during rotary
flight, low Reynolds numbers during transition, anddium-ranged Reynolds numbers
during fixed-wing flight. Thickness ratio was evated for a range between 5% and 25%
to account for a reasonable range of airfoil thesses that would be used on UAVSs.
Angle of attack was evaluated from 0° to 20° inevrtb analyze aerodynamic
characteristics up to stall condition. Angle ofak was not studied for negative attack
angles because the airfoil is symmetric and theltes/ould mirror the positive attack
angles. This section contains the results of tmarpatric study and discussion of the
primary conclusions.

4.1.1. Influence Reynolds Number on Airfoil Lift Characteristics.
Aerodynamic performance for a 16% thick was deteeiusing the methods developed
in Chapter 2 and evaluated in Chapter 3. Plots adr@ G, for attack angles ranging
from 0° to 20°, or until stall, were created fonyRelds numbers of 1*103*10°, 2*1(°,
and 8+10. These Reynolds numbers were chosen to show chamgerodynamic
performance at different phases of fixed wing fligh Reynolds number of 3*£@vould
be observed for low speed flight and could alsoded to analyze aerodynamic
performance of miniature UAVs. The CRW UAV wouldvkaa Reynolds number of
approximately 2*10during fixed wing flight while flying close to traition speed. The
Reynolds number observed by the CRW UAV at maxinfiight speed would be
approximately 818 Figure 4.1 shows a comparison of results focbifficient over
the range of Reynolds numbers between 1@l 8+16.
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Figure 4.1 - Dependence of Lift Coefficient on angf attack for a range of Reynolds
number between 1*£and 8*16.
t/c = 16%

As can be seen in Figure 4.1, for angles of attetitveen 0° and 8°, lower
Reynolds numbers showed improved lift performanea digher Reynolds numbers. At
7° angle of attack, the lift coefficient at a Relgmnumber equal to 10
(approximately 0.74) showed an increase of 0.18 liteoefficient at a Reynolds
number equal to 8*f0(approximately 0.56), which is a 32.5% improvemierift. At 8°
angle of attack, the lift coefficient at a Reynofdsnber equal to 1*fQapproximately
0.80) showed an increase of 0.16 over lift coedfitiat a Reynolds number equal to
8+10° (approximately 0.64), which is a 25.7% improvem&atr lower angles of attack,

improvement in Lift Coefficient ranged up to 43.7@border to take a closer look into
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lift performance at low angles of attack, Figur2 ghows the dependence of lift
coefficient on angles of attack between 0° ando8afrange of Reynolds number

between 1*10and 8*16.
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Figure 4.2 - Dependence of Lift Coefficient on angf attack for a range of Reynolds
numbers between 1*¥@nd 8*16.
t/c = 16%

Figure 4.2 shows more closely the effects of loReynolds numbers on lift
performance in the small angle of attack regioncas be seen in Figure 4.1, lower
Reynolds numbers (in the Afegion) showed significant improvement in lift séofor
attack angles less that 6°. Improvements in Idpslfor the range of Reynolds numbers
investigated were calculated to be between 30%adwgment, 0.024 1/° at 6° angle of
attack, to 40% improvement, 0.036 1/° at 1° anflatiack. As can be noted, the
dependence of lift coefficient on angle of attabkwed to be slightly non-linear, which
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would account for the decrease in lift slope adeanfattack increases, as shown in

Table 4.1. Table 4.1 shows lift slopes for the stigated range of Reynolds numbers.

Table 4.1 - Lift slopes for the investigated ranfi®eynolds numbers and average Lift

Slope for attack angles between 0 and 6 degrees

Reynolds Number
Angle of
Attack | Re 1*10° [ Re 3*10° | Re 2*10° | Re 8*10°
1] 0.1198] 0.09051] 0.0839] 0.0834
2| 0.1167] 0.0920] 0.0836] 0.0830
3 0.1122] 0.0973] 0.0829] 0.0823
4 0.1083 0.0873] 0.0819] 0.0813
5|  0.1055] 0.0081] 0.0805] 0.0800
6] 0.1021] 0.0797] 0.0787 0.0781
Average 0.1108] 0.0916] 0.0819] 0.0813

The data presented in Table 4.1 can be more eatalhpreted by looking at the

dependency of lift slope average on Reynolds nupaseseen in Figure 4.3.
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Figure 4.3 - Dependence of Average Lift Slope ogrieéds number, fou € [0°, 6°].
t/c = 16%
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As can be seen in Figure 4.3, the average liftestipps significantly between
Reynolds numbers of 1*2@nd 2*16, however, for Reynolds numbers greater than
2*10° average lift slope showed little to no changesBmably, this observation shows
how lift performance is affected as the Reynolds\ber transitions into the purely
laminar flow range.

Although Reynolds numbers in the®I@nge showed better lift performance for
attack angles between 0° and 8°, greater lift perémce was observed Reynolds
numbers in the frange at attack angles greater than 10°. Thisrefisen was
supported by observation of stall angle, baseduwneamical results. In this study, stall
angle was defined as the observed angle of attagkiah the lift coefficient drops
below the maximum lift coefficient. Stall angle elpged for results obtained at a
Reynolds number of 2*favas 5° higher than stall angle observed for resafitained at
a Reynolds number of 1*20Presumably, this observation was caused by tteehi
Reynolds number flow having enough energy to preflew separation up to higher
angles of attack. Figure 4.4 shows the dependeistalbangle on Reynolds number for

a range of Reynolds numbers between 2*rtd 8*16.
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Figure 4.4 - Dependence of Stall Angle on Reynalaisber for a range of Reynolds
numbers between 1*3@nd 2*16.
t/c =16%
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Figure 4.4 shows that significant improvementstatl €haracteristics were
obtained for Reynolds numbers in thé ténge. However, at a Reynolds number of
8*10°, results can be observed to stall at 2° lower teanlts obtained at 2*20This
observation could be linked to larger vortex sefpanaaft of the airfoil which occurs at
this higher value of Reynolds number. Anothergétformance characteristic, maximum
lift coefficient (Cmax) Was observed to have similar trends as stallearggjure 4.5

shows the dependence aof £ax on Reynolds number.
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Figure 4.5 - Dependence of Maximum Lift Coefficiem Reynolds number for a range
of Reynolds numbers between 1*&hd 8+16.
t/c = 16%

As can be seen in Figure 4.5, Reynolds numbetseil® range resulted in
maximum lift coefficients in the 0.84 to 0.86 rangdile the maximum lift coefficient
observed at a Reynolds number of *$Bowed to be greater than 1.0, an increase in,
roughly, 15%. However, at a Reynolds number of 8*a0maximum lift coefficient of

0.96 was observed, which resulted in only a 10%e&se over the results observed in the
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10° Reynolds number range and a 5% drop from reshteired at a Reynolds number

of 2*10°. Presumably, this data would show that there ismiimal Reynolds number to

be found in between 1*£@nd 3*16. More analysis would need to be conducted for

Reynolds numbers in the 1*4f 3*1¢ range to determine the optimal value.

4.1.2. Influence of Reynolds Number on Airfoil Drag Characteristics.

Another aerodynamic performance characteristicstigated in this parametric study of

Reynolds number was drag coefficient. Figure 4@\shthe dependence of drag

coefficient on angle of attack for a range of Ragiemumbers between 1*1@nd 2*16.
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Figure 4.6 - Dependence of Drag Coefficient on amglattack for a range of Reynolds

numbers between 1*¥@nd 8*16.

t/c = 16%

As can be seen in Figure 4.6, the Drag Coefficimtghe range of Reynolds

number derivate non-linearly away from each otlseatéack angle increases. In Figure

4.6, drag performance observed for Reynolds nunibehe 16 range was consistently
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worse than drag performance observed for Reynaldsber in the 19range. For angles
of attack between 0° and 12°, the highest investh®eynolds number (Re = 890
was observed to have the best drag performanceetwsince analysis showed that at
a Reynolds number of 8*2@ 16% elliptic airfoil begins to stall at a lowamngle of
attack than was observed for the same airfoilRewnolds number of 2*f0Therefore,
for angles of attack greater than 12°, better gex§prmance was observed at a Reynolds
number of 2*18 than at a Reynolds number of 8¥10

An important aspect of this study focuses on thiedaamic performance of
elliptic airfoils in a range of attack angles iet®° and 8°. In this range the largest
amount of flying, for high speed UAVSs, is conductByure 4.7 shows the dependence
of drag coefficient on angle of attack for a ran§i®eynolds numbers between 1*10
and 8*10 and for a range of attack angles between 0° and 8°
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Figure 4.7 - Dependence of drag coefficient on @oflattack for a range of Reynolds
numbers between 1*2@nd 2*186.
t/c = 16%
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4.1.3. Influence of Reynolds Number on Lift to Drag Performance. The
overall performance of an airfoil can be betterenstbod by observing the influence of a
parameter on both lift and drag simultaneouslyheform of lift to drag ratio (L/D). Lift
to drag ratio is defined as the observed lift doefht divided by the observed drag
coefficient. The dependence of lift to drag ratioamgle of attack for a range of

Reynolds numbers is shown in Figure 4.8 below.
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Figure 4.8 - Dependence of Lift to Drag Ratio orgkenof Attack and Reynolds number.
t/c =16%

As can be seen in Figure 4.8, lift to drag perfarosimproves as Reynolds
number increases. This comparison of lift to draggrmance was the most
comprehensive criteria for evaluating overall ainperformance. Figure 4.8 shows
clearly that the evaluated airfoil performed bést eynolds number of 8*10Also, the
maximum observed L/D for the range of Reynolds bers evaluated increased as
Reynolds number increased. This was observed nemisidely by plotting the
dependence of maximum observed L/D on Reynolds eunals shown in Figure 4.9. As
can be seen in Figure 4.9, the maximum observet ldrag ratio for the evaluated

elliptic airfoil at a Reynolds number of 84 (approximately 34) was approximately 10
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units greater than the maximum observed lift tqgdedio for the evaluated elliptic airfoll
at a Reynolds number of 1*1(approximately 24), which was a 42% improvemeriifin
to drag performance. Presumably, the cause otdmsast in airfoil performance is due
to the reluctance of an elliptic airfoil at highy®elds numbers to stall until higher angle

of attacks are reached.
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Figure 4.9 - Dependence of Maximum Observed Lifbtag Ratio on Reynolds number.
t/c = 16%

Based on the results of the L/D comparison, aigeiformance tends to improve
as Reynolds number is increased. At higher Reynuldsbers, the evaluated airfoil was
able to achieve greater maximum lift coefficiemisotigh prevention of stall until higher
angles of attack. Also, the evaluated airfoil whseyved to produce less drag as
Reynolds number was increased. These factors caahibancause the lift to drag ratio to
improve as Reynolds number was increased.

4.1.4. Influence of Reynolds Number on Pitching M oment. Also investigated
in this study was the influence of Reynolds nundrepitching moment. Pitching
moment is important to aircraft design becausectdfthe stability and control of the

aircraft. Therefore, determination of the pitchmgment coefficient@y) has an affect
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on wing and tail design. The influence of Reynaildsnber orCy, was found employing
FOMOCO to determine the dependenc€gfon Reynolds number and angle of attack.
Figure 4.10 shows results obtained @y for a 16% thick elliptic airfoil over a range of
Reynolds numbers between 1*Hhd attack angles between 0° and 20°.
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Figure 4.10 — Dependence of Pitching Moment Coiefficon Reynolds number.
t/c = 16%

As can be seen in Figure 4.10, for Reynolds numibemseen 1*10and 2*10,
the pitching moment coefficient was found to ineeas Reynolds number increased. At
a Reynolds number of 8*20the moment coefficient decreased slightly tham df
2*10° but was approximately equivalent for angles tdckt less than or equal t 15°.
4.1.5. Influence of Reynolds Number on Flow Developments. In order to better
understand the influence of Reynolds number owidperformance, further examination
into contour plots of streamlines for varying Relglsonumbers was conducted to show

visualizations of how trailing edge vortices anddmg edge separation bubbles may
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affect the aerodynamic characteristics of an étlipirfoil. Figure 4.11 shows contour
plots of streamlines for a 16% thick elliptic aitfat Reynolds numbers of 1*103*10°,
2*10°, and 8*16. For these visualizations, an attack angle oft&$ selected to show
differences in flow fields at an angle were simlléirperformance was observed for each

Reynolds number.

b)

d)

Figure 4.11 — Pressure distribution and flow sti@aes around elliptic airfoil for various
Reynolds numbers.
t/c = 16%,0= 10°
a)Re = 1*16, b)Re = 3*16, c)Re = 2*16, d)Re = 8*16
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As can be seen in Figure 4.11, flow characteristics 16% thick elliptic airfoil
for a range of Reynolds number while at an attaceaof 10° include aft vortex
shedding at all Reynolds number, however, leaddggeeparation bubbles were only
observed at Reynolds number in thé tdhge. Reynolds numbers of 1*1dnd 3*10
exhibited separation bubbles close to the leadilyg ®f the lifting surface.

Figure 4.12, above, shows close-up views of tharsgjon bubble development
on the leading edge of the airfoil for Reynolds tens of 1*18 and 3*16, and Figure
4.12-c shows that no separation over the leadigg edcurred at a Reynolds number of
2*10°. As can be seen in Figure 4.12, at a Reynolds punfl*10, a large separation
bubble was observed just aft of the leading edgsvever, at a Reynolds number of
3*10°, a very small separation bubble was observedalese to the tip of the airfoil
leading edge. These observations showed that lgadige separation bubbles would
have a significant effect on aerodynamic charasties at a Reynolds number of 1*18
minor effect on aerodynamic characteristics at gnRkels number of 3*10 and no effect
on aerodynamic characteristics at a Reynolds numft@10°,

Presumably, the formation of a laminar separatigbbe over the leading edge of
an elliptic airfoil was affected significantly byakiants of energized flow at differently
Reynolds numbers. At a Reynolds number of *#hen the flow would be the least
energized, the largest separation bubble was farifted separation bubble was
observed to have a height of approximately 1% clobtte airfoil and a length of 18%
chord of the airfoil. At a Reynolds number of 3*1the separation bubble was observed
to have a height less than 0.5% of the airfoil ddength and a length of approximately
4% of the airfoil chord length, which was, roughdy78% decrease in length.

The effect of the separation bubbles on the lifiralteristics of an elliptic airfoil
became more apparent when the surface pressurbutisins were investigated. Plots of
surface pressure distribution over the upper amngia@irfoil surfaces showed a
noticeable drop in pressure in the locale of tlezjously observed separation bubbles.
Figure 4.13 shows plots of surface pressure digtoh for Reynolds numbers between
1*10° and 8*16.
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C) d)
Figure 4.13 — Plots of surface pressure distrilousioowing pressure drops caused by
separation bubbles over the leading edge.

t/c = 16%,0 = 10°
a) Re = 1*16, b) Re = 3*16, c) Re = 2*16, d) Re = 8+16

A significant contrast can be observed in Figudel 4egarding aft vortex
shedding. As can be seen in Figure 4.6, resultdriay coefficients improve for
increasing Reynolds number when the angle of ait&atR°. This can be further
investigated by examining more closely the vortiexctures aft of the trailing edge for
the range of Reynolds numbers evaluated.
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Figure 4.14 - Streamlines visualizations of vordexelopments near trailing edge.

t/c = 16%,0 = 10°

a) Re = 1*16, b) Re = 3*16, c) Re = 2*16, d) Re = 8+16
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Figure 4.14 shows close-up views of the vortexcstmes aft of the trailing edge
for a range of Reynolds numbers at an attack arfgl@°. These close-up views show
that the vortex was largest at a Reynolds numbértd>. Also, as the Reynolds number
was increased, the point at which the aft vortsgsarated moved closer to the airfoil
trailing edge, which is locate at X/c = 1. As candeen in Figure 4.14, formation of the
aft vortex shifts backward, toward the trailing edgs the Reynolds number increases. At
a Reynolds number of 1*20formation of the aft vortex starts at a pointtbe suction
surface located long the x-axis at approximateB6&8 the airfoil chord length. At a
Reynolds number of 3*fpformation of the aft vortex starts at approxinha@l% of the
airfoil chord length. At a Reynolds number of 2*1fbrmation of the aft vortex starts at
approximately 93% of the airfoil chord length. ARaynolds number of 8*£0
formation of the aft vortex starts at approxima@bo of the airfoil chord length, which
was a 10% increase in percent chord. Also, asiseeigure 4.14-d, at a Reynolds
number of 816, an additional aft vortex was formed beneath tts¢ ¥ortex, which
flowed in an opposing direction.

In order to better understand differences in fl@ldficharacteristics, contour plots
of streamlines were produced for the range of itigated Reynolds numbers at an angle
of attack of 8° and grouped together for comparisogure 4.15 depicts contour plots of
streamlines for a 16% thick elliptic airfoil overange of Reynolds numbers between
1*10° and 8*16.

As can be seen in Figure 4.15, below, flowfieldreloteristics at 10° angle of
attack and 8° angle of attack are very similar. phmary difference to be observed was
that flow separation on the aft trailing edge @ #irfoil was observed was observed to
increase at the higher angle of attack for a Rejgoumber of 1*10 This observation
correlates with results for lift performance, whaltows the evaluated airfoll
approaching stall around 10° angle of attack fBiegnolds number equal to 1*10
Presumably, this is caused by the flow being puiepleater distance downward by the

more inclined airfoil.
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b)

d)

Figure 4.15 - Pressure distribution and flow striga@s around elliptic airfoil for various
Reynolds numbers.
t/c = 16%,0 = 8°
a) Re = 1*16, b) Re = 3*16, c) Re = 2*16, d) Re = 8*16
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4.1.6. Influence of Thickness Ratio on Airfoil Lift Characteristics. In order
to better understand the aerodynamic charactexistielliptic airfoils, the influence of
thickness ratio on airfolil lift characteristics wagaluated. Airfoil lift performance of an
elliptic airfoil was evaluated for attack angleagang from 0° to 20°, and thickness ratios
of 5, 10, 16, 20, and 25%. These thickness ratere whosen to show changes in
aerodynamic performance for airfoils that couldused for different types of UAV
applications. A thickness ratio of 5 or 10% couddapplied to small UAVs or miniature
UAVs. Smaller thickness ratios could also be usettigh-speed UAVs to reduce drag.
A full scale UAV, like the CRW UAV, would have ar@il thickness ratio between 10
and 20%. Thickness ratios greater than 20% woulapipéicable for Mico-UAV’s which

experience very low Reynolds numbers and operateapty in laminar flow.
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Figure 4.16 - Dependence of Lift Coefficient on lengf attack for a range of thickness
ratios between 5% and 25%.
Re = 2*16
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Aerodynamic performance for an elliptic airfoilaReynolds number of 2*20
was evaluated for a range of airfoil thicknessosabetween 5% and 25%. Figure 4.16,
above, shows the dependence of lift coefficienaingle of attack of an elliptical airfoil at
a Reynolds number of 2*#@ver a range of airfoil thickness ratios betweendst 25%.

As can be seen in Figure 16, for attack anglesdmtvd° and 6°, greater lift
performance was observed for lower thickness rafio§° angle of attack, the difference
in lift coefficient for a 5% thick elliptic airfoibver a 25% thick elliptic airfoil was
observed to be 0.112, or approximately 29.4%. Wais the greatest observed difference,
however, the percent difference ranged up to 3®0¥ angle of attack. Figure 4.17
shows a zoomed in view of the dependence of |éffadent on angle of attack for 0° to

5° range and for each of the investigated thickmass.
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Figure 4.17 - Dependence of Lift Coefficient on lengf attack for a range of thickness
ratios between 5% and 25%.
Re = 2*10
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As can be seen in Figure 4.17, lift slope increasethe thickness ratio decreases.
However, lift slope was not observed to be lindable 4.2, below, shows observed
values for lift slope for a range of attack andlesnveen 1° and 5° and for a range of
thickness ratios between 5% and 25%.

Table 4.2 — Lift slopes for angles of attack betw#&& and 5° and a range of thickness

ratios between 5% and 25%.

Re = 2*10
Thickness Ratio
Angle of
Attack 5% 10% 16% 20% 25%

1 0.0997 0.0927 0.0839 0.0774 0.0695
2 0.0984 0.0925 0.0836 0.0771 0.0692
3 0.0913 0.0919 0.0829 0.0764 0.0685
4 0.0856 0.0899 0.0819 0.0754 0.0676
5 0.0779 0.0865 0.0805 0.0741 0.0663

Average 0.0937 0.0907 0.0826 0.0761 0.0682

Table 4.2 shows that the observed lift slopes wbkghtly non-linear and that the

average lift slope, for angles of attack betweearid 5°, increases as the thickness ratio
decreases. This can also be seen in Figure 4.I8y behich shows the dependence of

the average lift slope for angles of attack betwkeand 5° for a range of thickness ratios

between 5% and 25%.

While lower thickness ratios outperformed higheckhess ratios in the range of
angles of attack between 0° and 6°, for anglestatlagreater than 6°, thickness ratios of
5% and 10% approached stall at lower attack ariglesthickness ratios between 16%
and 25%. Overall, a thickness ratio of 16% outpentd all other thickness ratios for

attack angles greater than 6°. This can be searlla Figure 4.19, which shows the

dependence of observed stall angle of attack @hribss ratio at a Reynolds number of

2*10° and for a range of thickness ratios between 5%2a#4,
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As can be seen in Figure 4.19, stall angle is grestthickness ratios greater than
15°. Presumably the reason for small thicknesesatalling at a lower angle is caused
by flow separating from the sharp over the tophefleading edge of the airfoil. Another
important characteristic to investigate is maximiiftrcoefficient. Figure 4.20 shows the
dependence of maximum lift coefficient on thicknestso at a Reynolds number of

2*10° and for a range of thickness ratios between 5%2a#4.

1.2

1.0 +

/

0.6

Maximum Lift Coefficient

0.4 ; : ‘
0.05 0.1 0.15 0.2 0.25
Thickness Ratio (t/c)

Figure 4.20 - Dependence of maximum lift coeffition thickness ratio for a range of
thickness ratios between 5% and 25%.
Re = 2*10

As can be seen in Figure 4.20, maximum lift coedfic peaks at around 16%
thickness ratio. This observation suggests thaetisean optimal thickness ratio which
would yield the highest maximum lift coefficienthis optimal thickness ration could be
determined if more cases were ran to find maximiftnedefficients for elliptic airfoils
with thickness ratios between 10% and 20%.

4.1.7. Influence of Thickness Ratio on Airfoil Drag Characteristics. Another
aerodynamic performance characteristic investigatelde parametric study to gain a

better understanding of aerodynamic performancednas coefficient. Figure 4.21
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shows the dependence of drag coefficient on arfgitack at a Reynolds number of

2*10° and for a range of thickness ratios between 5%2a#4.
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Figure 4.21 — Dependence of Drag Coefficient orle@ngattack for a range of thickness
ratios between 5% and 25%.
Re = 2*16

As can be seen in Figure 4.21, for angles of atteskthan 4°, the smallest
thickness ratio, 5%, was observed to have thedragtperformance, while the greatest
thickness ratio, 25%, was observed to have the dragt This observation was to be
expected because thicker airfoils generally yiekhter drag than thinner airfoils.
However, at angles of attack greater than 4°, deadficient for each thickness ratio was
observed to rise sharply at the angle of attaclkclwvthe particular thickness ratio was
observed to show stall characteristics.

In order to investigate more thoroughly the dragrahbteristics of elliptic airfoils

for a range of attack angles between 0° and 5Ur€ig¢.22 shows a zoomed in view of
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the dependence of drag coefficient on angle othttar a range of thickness rations
between 5% and 25% and for a range of attack abglegeen 0° and 5°.
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Figure 4.22 — Dependence of Drag Coefficient orlengattack for a range of thickness
ratios between 5% and 25%.
Re = 216

As can be seen in Figure 4.22, a thickness rat&%@fields the lowest drag at 2°
angle of attack and the worst drag performancé ahgle of attack. This observation is
due to flow separation over the leading edge o#ilfeil. Drag performance of a 5%
thick elliptic airfoil at 1° angle of attack is rghly 68% better than drag performance of a
25% thick elliptic airfoil at the same angle ofeatk.

4.1.8. Influence of Thickness Ratio on Lift to Drag Performance. In order to
gain a better understanding on the overall aigeiformance, including lift and drag
characteristics, lift to drag performance was adesd in this investigation. Figure 4.23
shows the dependence of lift to drag ratio on anfbkgtack for a range of thickness

ratios between 5% and 25%.
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Figure 4.23 - Dependence of Lift to Drag Ratio amgke of Attack for a Range of
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Re = 2*16

As can be seen in Figure 4.23, the greatest lifrég ratio is observed for a
thickness ratio of 10%. This observation can b& seere clearly in Figure 4.24, which

shows the dependence of maximum observed L/D chrtbss ratio.
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Figure 4.24 - Dependence of Maximum Observed L/O0’boickness Ratio.
Re= 2*10
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As can be seen in Figure 4.24, the maximum obsdmi2a@lludes to having
optimal lift to drag performance at a thicknessoraetween 10% and 16 %. More
investigation into the lift to drag performance &liptic airfoils with thickness ratios
between 10% and 16% would need to be conductedliate this observation.

4.1.9. Influence of Thickness Ratio on Pitching Moment. Also investigated
in this study was the influence of thickness ratiopitching moment. Pitching moment is
important to aircraft design because affects tabity and control of the aircratft.
Therefore, determination of the pitching momentftoent (Cy) has an affect on wing
and tail design. The influence of Reynolds numbe€g was found employing
FOMOCO to determine the dependenc€gfon thickness ratio and angle of attack.
Figure 4.25 shows results obtained @y at a Reynolds number of 2*48nd over a
range of thickness ratios between 5% and 25% agléswof attack between 0° and 20°.
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Figure 4.25 — Dependence of Pitching Mdgment Coiefficon Thickness Ratio.
Re = 2*1



82

As seen in Figure 4.25, the pitching moment coiefficwas found to be positive
for all thickness ratios, and for each thicknes® rhe moment coefficient was found to
increase with angle of attack. For attack anglss tean or equal to 5°, the pitching
moment coefficient was found to increase as thekitass ratio increased. For thickness
ratios between 16% and 25%, the moment coefficiast found to increase as thickness
ratio increased for all angles of attack.

4.1.10. Influence of Thickness Ratio on Flow Developments. Results obtained
for the thickness ratio comparison showed the &ffetchanges in thickness ratio on
aerodynamic performance. For attack angles bet@eand 5°, higher thickness ratios
were found to decrease lift performance, for thedsratios between 16% and 25%,
which is contrary to typical sharp trailing edgdails that show increased performance
for higher thickness ratios. Further examinatido ontour plots of streamlines for
varying thickness ratios might show how trailinggedeparation and leading edge
separation bubbles affect the aerodynamic charsitsrof an elliptic airfoil. Figure 4.26
shows contour plots of streamlines for an elligiidoil at Reynolds numbers of a 2*%.0
attack angle of 5° for thickness ratios betweendsfh 25%.

b)

Figure 4.26 - Pressure distribution and flow striga@s around elliptic airfoil for various
Reynolds numbers.
Re = 2*10, a=5°
a)t/c = 5%, b)t/c = 10%
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d)

Figure 4.26 (Continued) - Pressure distribution #homt streamlines around elliptic

airfoil for various Reynolds numbers.
Re = 2*16, a= 5°
c)t/c = 16%, d)t/c = 20%, e)t/c = 25%
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As can be seen in Figure 4.26, above, larger tleis&kmatios were subject to
greater flow separation along the aft trailing edge shown in Figure 4.26-a, a 5% thick
elliptic airfoil (Re = 2*16 anda = 5°), a large leading edge separation bubble was
observed. A very thin separation bubble can berebddan Figure 4.26-b, which shows
results for a 10% thick elliptic airfoil, howeverp separation bubbles over the leading
edge were observed for thickness ratios betweendr@¥25%.

Elliptic airfoils with smaller thickness ratios shied higher lift coefficients and
lower drag coefficients for angle of attacks in thege between 0° and 4°. This
observation is supported by noting that the aisfaiith smaller thickness showed less aft
flow separation along with LESB formation and raaltment. While these flow
characteristics are beneficial at lower angledtaic, they also cause the airfoil to
observe stall and lower angle of attacks than mighiekness ratios, which decreases lift
and increases drag. Figures 4.27 and 4.28 shovatammof LESB for 5% and 10% thick
elliptic airfoils. Due to the complexity of the twrlent flow fields in the separation
bubbles, the solution would only reach “fuzzy camesce”. This results is typical when
a turbulent flow condition may exist. Multiple atipts were made to obtain smooth

convergence, however, no such changes allowedrfoother convergence.

.06

LI

Figure 4.27 — Streamline visualizations of flow dieypments near the airfoil leading
edge.
Re = 2*16, t/c = 5%,0. = 5°
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Figure 4.28 - Streamline visualizations of flow dlpments near the airfoil leading
edge.
Re= 2*10, t/c = 10%0 = 5°

The effect of the separation bubbles on the lifiralteristics of an elliptic airfoil
became more apparent when the surface pressunbutisins were investigated. Plots of
surface pressure distribution over the upper anega@irfoil surfaces showed a
noticeable drop in pressure in the locale of tlezjously observed separation bubbles.
Figure 4.29 shows plots of surface pressure digtoh for Reynolds numbers between
1*10° and 8*16.

Elliptic airfoils with thickness ratios between 16#d 25% were observed to
have lower lift coefficients for attack angles beem 0° and 5°, however, they were not
subject to stall until much higher attack angled #rerefore were able to achieve greater
lift coefficients and retain lower drag coefficisnFor attack angles of 5° and less, the
thicker airfoils exhibited lower lift coefficientsnost likely do to the lack of LESB
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formation. Also, for attack angles of 5° and ldgks, thicker airfoils exhibited higher drag
coefficients, which is supported by increase fl@paration aft of the trailing edge.
Figure 4.30 shows close-up views of vortex striegwobserved aft of the trailing edge
for 10%, 16%, 20%, and 25% thick elliptic airfoidlsa Reynolds number of 240

C) d)
Figure 4.29 - Plots of surface pressure distrilvusibowing pressure drops caused by
separation bubbles over the leading edge.

Re = 2¥16, a = 5°
a) t/c = 5%, b) t/c = 10%, c) t/c = 16%, d) t/cBG92
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Figure 4.30 — Streamlines visualizations of vodexelopments near trailing edge.
Re = 2*10, a = 5°
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As can be seen in Figure 4.30, the height of theafices increased as the
thickness ratio was increased. For a thickness cditb%, shown in Figure 4.30-a, the
vortices were so small as not to be visible atctieent level of magnification. For a
thickness ratio of 10%, the height of the primaoytex was approximately 2% chord of
the airfoil. For a thickness ratio of 16%, the ligf the primary vortex was
approximately 3%. For a thickness ratio of 20%hbight of the primary vortex was
approximately 4%. For a thickness ratio of 25%fthrght of the primary vortex was
approximately 6%, which was a 200% increase oweh#ight of the primary vortex of
an elliptic airfoil with a thickness ratio of 5%.

Also shown in Figure 4.30, was that the point altreyupper surface of the
airfoil where the aft vortex began to form movedafard as thickness ratio increased.
For a thickness ratio of 10%, the vortex begareftagate at approximately 99% chord of
the airfoil. For a thickness ratio of 16%, the earbegan to separate at approximately
97% chord of the airfoil. For a thickness rati®26f6, the vortex began to separate at
approximately 95% chord of the airfoil. For a tmelss ratio of 25%, the vortex began to
separate at approximately 92% chord of the ainfgilich was a 7% chord shift in the
point where the vortex began forming over that @D&o thick elliptic airfolil.

Results obtained for 5% elliptic airfoils showedttbomplex vortex flow was
occurring on the leading edge of the airfoil resiglin LESB formation. In order to
better understand the formation of LESB as theeaafjhttack increases from 0° to 8°,
Figure 4.31 shows contour plots of streamlinesaféfbo thick elliptic airfoils at a
Reynolds number of 2*fdor angles of attack between 0° and 10°.

As can be seen in Figure 4.31, separation oveetteng edge starts to form
small bubbles at around 3° and eventually covexstitire upper surface at 8°. LESB
formation starts with a small bubble on the leadidge at 3°, as seen in Figure 4.31-d,
and grows to a large bubble with very turbulenivflas seen in Figures 4.31-c through
4.31-g. At an attack angle of 7° an wake vorteximgtp shed from the trailing edge, as
seen in Figure 4.31-h. At 8° angle of attack, thdihg edge vortex connects with flow
separation over the leading edge and covers tlire expper surface. This observation

occurs well into the previously observed stall-raof attack angles.
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b)

d)

Figure 4.31 - Pressure distribution and flow striga@s around elliptic airfoil for various
Reynolds numbers.
Re = 2*10, t/c = 5%
a)a=0° b)a=1° c)a=2° d)a=3° e)a=4°
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f)

Q)

h)

Figure 4.31 (Continued) - Pressure distribution ot streamlines around elliptic

airfoil for various Reynolds numbers.
Re = 2*10, t/c = 5%
f)a=5° ga=6°h)a=7°1ia=8°
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In an attempt to obtain more accurate observatbfiew separation and
reattachment over the leading edge for a 5% tHigkie airfoil, an additional set of
cases were investigated with grids of increasediterFigure 4.32 shows contour plots
of streamlines for 5% thick elliptic airfoils atReynolds number of 2*fdor angles of

attack between 0° and 10°, which were conductauusie grids of increased density.

b)

d)
Figure 4.32 - Pressure distribution and flow striga@s around elliptic airfoil for various
Reynolds numbers.

Re = 2*16, t/c = 5%

a)a=0° b)a=1° c)a=2° d)a=3°
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f)

9)

h)

Figure 4.32 (Continued) - Pressure distribution #homt streamlines around elliptic

airfoil for various Reynolds numbers.
Re = 2*10, t/c = 5%
e)a=4°fla=5° gla=6° h)a=7°
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)
Figure 4.32 (Continued) - Pressure distribution #homt streamlines around elliptic
airfoil for various Reynolds numbers.

Re = 2*10, t/c = 5%
i) a=8°

4.2. CONCLUSIONS

In this parametric study, the effects of Reynoldmber, thickness ratio and
attack angle on the aerodynamic characteristiesdlliptic airfoil were investigated.
Reynolds numbers were evaluated for a range betdvedi and 8*16 to show an
identifiable effect on aerodynamic performance aredvaried for a reasonable range of
rotary and fixed wing flight conditions: high Reyds numbers during rotary flight, low
Reynolds numbers during transition, and medium-edrfgeynolds numbers during
fixed-wing flight. Thickness ratio was evaluated #éorange between 5% and 25% to
account for a reasonable range of airfoil thickeegkat would be used on UAVs. Angle
of attack was evaluated from 0° to 20° in ordearntialyze aerodynamic characteristics up
to stall condition.

Aerodynamic performance for a 16% thick was deteediifor attack angles
ranging from 0° to 20° and for Reynolds numbersveen 1*16 and 8+16. As shown
previously, for angles of attack between 0° and@%er Reynolds numbers showed
improved lift performance over higher Reynolds nensb The average lift slope was
shown to drop significantly between Reynolds numslnér1*1¢ and 2*16, however, for
Reynolds numbers greater than 2*1dverage lift slope showed little to no change.
Although Reynolds numbers in the’I@nge showed better lift performance for attack
angles between 0° and 8°, greater lift performamas observed Reynolds numbers in
the 16 range at attack angles greater than 8°. Resudtgeshthat significant
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improvements in stall characteristics were obtafieedReynolds numbers in the .0
range. Reynolds numbers in the ténge resulted in maximum lift coefficients in the
0.84 to 0.86 range, while the maximum lift coe#iai observed at a Reynolds number of
2*10° showed to be greater than 1.0. However, at a Régmumber of 8*18) a

maximum lift coefficient of 0.96 was observed, whresulted in only a 10% increase
over the results observed in the Reynolds number range and a 5% drop from results
obtained at a Reynolds number of 2*1Bresumably, this data would show that there is
an optimal Reynolds number to be found in betwed®3and 2*16. More analysis
would need to be conducted for Reynolds numbetiseir8*1¢ and 2*16 range to
determine the optimal value.

In consideration of drag performance, for angleattsck between 0° and 12°, the
highest investigated Reynolds number, & 1@as observed to have the lowest drag
coefficient. For angles of attack greater than b2tter drag performance was observed
at a Reynolds number of 2*4than at a Reynolds number of 8*1This observation
was due to the fact that a 16% thick elliptic dlréd a Reynolds number of 8*18talled
at a lower angle of attack than at a Reynolds nurmb2*10°. Based on a comprehensive
comparison of lift-to-drag ratio, airfoil performe@was shown to improve as Reynolds
number was increased. At higher Reynolds numbleesgvaluated airfoil was able to
achieve greater maximum lift coefficients througbyention of stall until higher angles
of attack. Also, the evaluated airfoil was obsertie@roduce less drag as Reynolds
number was increased. These factors combined 8edhe lift to drag ratio to improve
as Reynolds number was increased. Overall, a Régmimber of 8*1Dwas found to
be the best of the evaluated Reynolds numbersam and lift to drag performance in a
range of attack angles applicable to UAVSs.

In this study, some interesting conclusions werdamagarding the influence of
Reynolds number on airfoil performance. Flow sefianavas found to be dependent on
Reynolds number. In regards to the formation ofilemseparation bubbles, the cross
sectional area of the laminar separation bubbleg#ased as Reynolds number decreased.
The formation of laminar separation bubbles wasfbio have an effect on lift
performance. At attack angles less than 8°, liffgrenance increased by LSB formation.

For attack angles greater than 8°, flow separatiar the leading edge was not observed
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to reattach to the airfoil, thus causing stall elegeristics. Also, the flow structures of
vortices downstream of the trailing edge were affeédy Reynolds number. As the
Reynolds number was increased, the point at whiet $eparation occurred on the
airfoil surface moved closer to the airfoil tragiedge. The vortex structure had the
largest cross sectional area at a Reynolds nunilie¢d 6°. Flow separation over the
trailing edge and formation of vortices downstreairthe airfoil were found to coincide
with increases in drag as Reynolds number was deede

Aerodynamic performance for an elliptic airfoilaReynolds number of 2*20
was evaluated for a range of airfoil thicknessosabetween 5% and 25%. As shown
previously, for attack angles between 0° and &atgr lift performance was observed for
lower thickness ratios. Lift slope was shown ta@ase as the thickness ratio decreased.
While lower thickness ratios outperformed highackhess ratios in the range of angles
of attack between 0° and 6°, for angles of attaelatgr than 6°, thickness ratios of 5%
and 10% approached stall much sooner than thickaéss between 16% and 25%.
Overall, a thickness ratio of 16% outperformedbdtier thickness ratios for attack angles
greater than 6°. As was previously shown, maximifincdefficient peaks at around 16%
thickness ratio. This observation suggests thaetisean optimal thickness ratio which
would yield the highest maximum lift coefficienthis optimal thickness ratio could be
determined if more cases were ran to find maximiftnedefficients for elliptic airfoils
with thickness ratios between 10% and 16%.

Concerning the influence of thickness ratio on gragfjormance, for angles of
attack less than 4°, the smallest thickness ra%a,was observed to have the best drag
performance, while the greatest thickness ratiép,Abas observed to yield the most
drag. At attack angles between 4° and 5°, a 10ek glliptic airfoil was found to have
the best drag performance. At angles of attack &etvé6° and 16°, a 16% thick elliptic
airfoil was found to have the best drag performaRagarding lift-to-drag ratio, a 10%
thick elliptic airfoil was shown to have the gresdtkft-to-drag ratio, approximately 34,
which occurred at and angle of attack of 5°. Howel# dropped sharply for attack
angles greater than 5°. For attack angles of 6gaeater, a 16% thick elliptic airfoil was

shown to have the best L/D. Overall, data for LHdwed that an even greater L/D might
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be attainable for thickness ratios between 10%1&%d, however, more research would
be needed to reach this conclusion.

In regards to the influence of thickness ratio lowfdevelopment around the
airfoil, laminar separation bubbles were founddmf over the leading edge of airfoils
with smaller thickness ratios, and the separatidiow over the trailing edge and
formation of vortices downstream of the airfoil wasnd to be affected by thickness
ratio. The effect of the separation bubbles orlitheharacteristics of an elliptic airfoil
became more apparent when the surface pressunbutisins were investigated. Plots of
surface pressure distribution over the upper anga@irfoil surfaces showed a
noticeable drop in pressure in the locale of tlezjously observed separation bubbles.
Flow separation over the trailing edge and fornmatbvortices downstream of the airfoil
were found to coincide with increases in drag a&ktiess ratio was increased.

In conclusion, results of the parametric studiés Reynolds number and
thickness ratio showed trends in aerodynamic pevdoce characteristics of elliptic
airfoils for a range of Reynolds number between0i*ind 8*16 and a range of
thickness ratios between 5% and 25%. These tremdedl to show that best lift and drag
performance of the evaluated parameter values iRa&yaolds number of 2*f@and a
thickness ratio of 16%. Observation of the resulthis study showed that better
performance might be obtained for a parameter rahgeynolds numbers between
3*10° and 2*16 and a parameter range of thickness ratios betd@#nand 16%. More
in depth investigation into the aerodynamic chamastics of elliptic airfoils in these
ranges of Reynolds number and thickness ratio woedd to be conducted to determine
if an optimal Reynolds number and optimal thickneg® might exist and what the
optimal Reynolds number and thickness ratio might b

In order to promote future advancements in rotargadesign and development,
more research into the influence of Reynolds nurabdrthickness ratio on aerodynamic
performance and flow characteristics of elliptidails is needed. One of the more
significant needs for investigation is in-depth C&lxl wind tunnel analysis of elliptic
airfoils in Reynolds number and thickness ratioqgeswhich would be applicable to
UAVSs. Based on the results of this investigatitw, tange of parameters which would
yield the most useful results would be Reynolds bers between 3*faand 2*16 and
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thickness ratios between 10% and 16%. Also, CFDyaiseemploying more accurate
turbulence models and higher density volume gridald/be greatly beneficial to more

closely simulate and evaluate flow developmentsitbod elliptic airfoil.
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5. CONCLUSIONSAND OUTLOOK

5.1. CONCLUSIONS

Investigation into advancements in UAV technolggymarily the CRW-UAV
concept, resulted in the conclusion that a parac&tindy into the aerodynamic
performance of elliptic airfoils would benefit futuresearch in CRW technology
development and could serve as a tool for new +wtog design concepts. Therefore, the
flow problem investigated in this study was turlmileiscous flow developments over
elliptic airfoils. This study investigated two-dim&onal flowfields surrounding elliptic
airfoils for a range of parameters. These paramétetuded: Reynolds number, angle of
attack, and thickness ratio.

The methodology used to conduct the CFD analyssswalidated by comparing
results for aerodynamic characteristics of a symioadt 16% thick elliptic airfoil at a
Reynolds number of 3 x 1@ results of wind tunnel testing conducted by Kvj@1].

The purpose of a validation test case was to vémndy the flowfield solution results
obtained from CFD analysis compared similarly tpesxmental data. Results of the
validation test case showed that flowfield simwalas generated using CFD analysis
compared similarly to results obtained using expental wind-tunnel analysis. This
conclusion allowed for reasonable verificationlod inethodology employed to simulate
flowfields about an elliptical airfoil using CFD alysis.

Once the CFD analysis techniques and methodologyban validated, the
parametric study of elliptical airfoil performanaas conducted. Reynolds number was
evaluated at values of 1*3B*10°, 2*10°, and 8*16, to show a reasonable range of
rotary and fixed wing flight conditions. Thicknesdio was evaluated for a range
between 5% and 25% to account for a reasonable rafngjrfoil thicknesses that would
be used on UAVs. Angle of attack was evaluated f@drto 20° in order to analyze
aerodynamic characteristics up to stall condition.

Results of the parametric study into Reynolds nurshewed that for angles of
attack between 0° and 8°, Reynolds numbers in ®eahge showed improved lift
performance over Reynolds numbers in thera@ige. However, greater lift performance

was observed Reynolds numbers in therafige at attack angles greater than 8°. Results
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showed that significant improvements in stall cherastics were obtained for Reynolds
numbers in the frange. For Reynolds numbers greater than 2#iigher Reynolds
numbers showed a decrease in lift performance.elblservations were found to
correspond to formation of laminar separation beblshown in flowfield visualizations
and surface pressure distributions. Also, the etatliairfoil was observed to produce
less drag as Reynolds number was increased. Cornaisygly, flowfield visualizations
showed that flow separation over the trailing edge formation of vortices downstream
of the airfoil were found to coincide with increasa drag as Reynolds number was
decreased. These factors combined to cause the tifag ratio to improve as Reynolds
number was increased. Overall, a Reynolds numb&tidf was found to be the best of
the evaluated Reynolds numbers in drag and lifirém performance in a range of attack
angles applicable to UAVSs.

Results of the parametric study into thicknes®rsiiowed that for attack angles
between 0° and 6°, greater lift performance wasesl for lower thickness ratios.
However, for angles of attack greater than 6° kilss ratios of 5% and 10% approached
stall much sooner than thickness ratios between di6d@25%. Overall, a thickness ratio
of 16% outperformed all other thickness ratiosdtiack angles greater than 6°,
outperforming higher and lower thickness ratiosaliais of drag performance and lift-
to-drag performance also showed that better pedoo@ might be attainable for
thickness ratios between 10% and 16%, however, nesearch would be needed to
reach this conclusion. Also, these observationgwapported by flowfield
visualizations, as flow separation over the trgiledge and formation of vortices
downstream of the airfoil were found to coincidehnincreases in drag as thickness ratio
was increased.

5.2. FUTURE WORK

A significant amount of work has been conductesttaly flow past elliptic
cylinders. Most of this work was not conducted witharameter ranges which would be
applicable to UAV design and development. Howeseme work with elliptic airfoils
which could be applied in UAV design has been cotetll Kim studied turbulent
viscous flow over elliptic cylinders using two-dinmsonal, incompressible, Navier-

Stokes equations for a limited range of thicknasi®s and Reynolds numbers. Also,
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Kwon and Park have investigated vortex flow streesuand aerodynamic characteristics
using wind tunnel testing for a single thicknedsorand Reynolds number. Kwon found
that vortex shedding aft of a thin elliptic airfbiad a significant affect on lift and drag
forces; and aerodynamic characteristics of ellipirtoils have been found to differ
greatly from the characteristics of conventiondicds. In his study, Kwon noted that an
accurate judgment on the origination of wake stned could not be made using results
from wind tunnel tests alone which only show vetpgrofiles, and Kwon went on to
suggest that more further work regarding wake wosteuctures could more clearly
indicate laminar to turbulent boundary layer trénsiover elliptic airfoils.

In this study, some interesting conclusions werdamagarding trends in
aerodynamic performance characteristics of elligiifoils for a range of Reynolds
number between 1*£Gand 8+*16 and a range of thickness ratios between 5% and 25%
Results of the parametric study of elliptic airfdiénded to show that an optimal
Reynolds number and an optimal thickness ratio exast which would yield the best lift
and drag performance for an elliptic airfoil. Obhsxion of the results in the study
showed that these optimal performance parameteistraxist in a range of Reynolds
numbers between 1*2@nd 3*16 and in a range of thickness ratios between 10% and
16%. Additional investigation of elliptic airfoiis the observed ranges might prove
beneficial in future design and development of retang aircraft which employ elliptic
airfoils to achieve VTOL and fixed-wing, high-speffight.

In addition to more in-depth investigations inte thends of aerodynamic
characteristics for elliptical airfoils in the alespecified parameter ranges, more
investigation into the aerodynamic characteristicBowfields surrounding elliptic
airfoils would be needed to better understand #huses of observed trends. As observed
in this study, aerodynamic characteristics are rgoesatly affected by trailing edge
vortices and leading edge separation bubbles. Awitant fact to note is that a more
suitable turbulence model than the one employdhdisnstudy would be needed to
accurately solve and plot the shedding of traikadge vortices and the formation of
leading edge separation bubbles. A more complédecgnvergence study and a more in-
depth validation study would both need to be cotehlito develop better techniques and
methodology for aerodynamic analysis of elliptidals. As better computational
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resources become available, more computationallyiwed techniques and methodology
(Higher grid densities, Detached Eddy Simulationcogld be utilized to study the
aerodynamic characteristics of flowfields aboufpélt airfoils.

More aptly, the results of this investigation cobklused in the design and
development of future rotor/wing aircraft. Aerodyma performance characteristics
could be used size rotor/wing geometry includingrds and thicknesses, as well as
design speeds. Also, computational methods develiopihis study could be employed
along with more accurate turbulence models andenigbnsity grids to better predict
aerodynamic performance and more closely simulatgptex flow developments. In
addition, the visualizations of flow developmentsypded in this study could be

compared to future CFD or wind-tunnel analysegdééerence or validation.
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