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ABSTRACT

The increased use of Unmanned Aerial Vehicles (UAVS) has created a continuous demand for improved flight
capabilities and range of use. During the last decade, engineers have turned to bio-inspiration for new and
innovative flow control methods for gust alleviation, maneuverability, and stability improvement using morphing
aircraft wings. The bio-inspired wing design considered in this study mimics the flow manipulation techniques
performed by birds to extend the operating envelope of UAVs through the installation of an array of feather-like
panels across the airfoil’s upper and lower surfaces while replacing the trailing edge flap. Each flap has the ability
to deflect into both the airfoil and the inbound airflow using hinge points with a single degree-of-freedom, situated
at 20%, 40%, 60% and 80% of the chord. The installation of the surface flaps offers configurations that enable
advantageous maneuvers while alleviating gust disturbances. Due to the number of possible permutations available
for the flap configurations, an iterative constant-strength doublet/source panel method has been developed with an
integrated boundary layer model to calculate the pressure distribution and viscous drag over the wing’s surface. As a
result, the lift, drag and moment coefficients for each airfoil configuration can be calculated. The flight coefficients
of this numerical method are validated using experimental data from a low speed suction wind tunnel operating at a
Reynolds Number 300,000. This method enables the aerodynamic assessment of a morphing wing profile to be
performed accurately and efficiently in comparison to Computational Fluid Dynamics methods and experiments as
discussed herein.
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INTRODUCTION

Since the inception of the Wright Brother’s wing warping Flyer, aircraft designs and flight capabilities have
continuously advanced due to the demand induced by the end users for an extended operational flight envelope.
Initially, basic control surfaces including the traditional ailerons, rudders and elevator were applied and have now
become part of the standard aircraft archetype. In addition to ailerons, rudder and elevator control surfaces used for
basic flight control, flaps, slats and slots are employed to enable improved lift-to-drag ratios and reduce flight speeds
during the take-off and landing. However, it has only been since the early 1980s that new airflow manipulation
techniques have been applied to enable increased controllability and maneuverability to achieve specialized flight
objectives for unmanned aerial vehicles (UAVs). The inspiration of these flow control methods were observed from
avian flight and their ability to continuously deform their wing geometry depending on a series of localized
variables, i.e. angle of attack, flight speed and desired trajectory. These techniques have been subsequently
identified and developed by numerous research teams to enable wing morphing through active control of the wing’s
camber line geometry [1], thickness [2], sweep [3], span [4] and twist [5] to achieve the necessary aerodynamic
coefficients for a complex maneuver or specific flight leg. However, for over a century, atmospheric turbulence and
gusting flows have plagued manmade flight and remain the primary causes of UAV loss when operating at low
altitudes and/or in cluttered environments [6].

Recently, additional attention has to been given to the assessment of morphing wing dynamics of avian flight and
the study of bio-mimicry for advanced locomotion and maneuvering techniques for implementation on UAVSs.
Avian flow control consists of both the flapping motion that achieves propulsion and maneuvering and the
contraction and relaxation of the muscles controlling the feathers orientation for manipulating the local air flow for
gust alleviation and maneuvers [7—10]. From previous studies [10-13], the presence of flight feathers over the wing
surface have been observed to aid a bird’s ability to sense and influence the flow over its wings, thereby offering an
effective method for localized flow control. Subsequently, a new bio-inspired gust alleviation and maneuverability
system (GAMES) has been developed in which an array of feather-like flaps has been installed across the airfoil’s
upper and lower surfaces to mimic a bird’s wing morphing abilities and enable delayed flow separation, enhanced
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flow control and maneuverability during UAV flight. Due to the number of moving lifting surfaces integrated into
the wing design, an adaptive aerodynamic solver must be employed that can perform efficiently and accurately to
calculate the aerodynamic coefficients of the wing while operating in the wide array of configurations available to
the morphing aircraft. Currently, there are an array of solvers available for designing airfoils and assessing the flow
around the wing profile [14], including finite element Navier-stokes flow solvers [15-18], conformal mapping [19—
21], and panel methods [22—25]. While Navier-Stokes flow solvers enable the effects of viscosity to be taken into
consideration around complex geometries, the complex mesh geometries required cause the simulations to be
expensive, both financially and in time [26,27]. However, the implementation of potential flow panel methods has
become a popular tool for modeling flow in the aerodynamic community. These numerical methods allow the flow
characteristics over the body surface to be solved instead of the entire volume encapsulating the airfoil geometry,
c.f. finite difference methods [20], thereby reducing computational time while maintaining accuracy.

This paper discusses the development of a two-dimensional iterative panel method with an integrated boundary layer
model to assess the aerodynamic coefficients of a bio-inspired, two-dimensional feathered wing under various flight
conditions. The goal of this adaptive aerodynamic solver is to be a robust tool to calculate the aerodynamic
coefficients for complex morphing multi-element geometries and is validated by comparison to a conventional
airfoil using existing panel method codes and wind tunnel measurements.

BIOINSPIRED MULTI-ELEMENT AIRFOIL OVERVIEW

The GAMES employs eight equally sized flaps distributed along the upper and lower surfaces of a NACA 4412
airfoil, thereby replacing the airfoil surface, standard flaps and ailerons. Each flap is designed to individually rotate
about its respective hinge point, located at 20%, 40%, 60% or 80% of the chord length, into both the inbound
airflow and the airfoil profile to enable a range of beneficial geometries that are unobtainable by a traditional airfoil.
Due to the removal of the trailing edge flaps and ailerons, the GAMES performs the role of flight control and
localized flow manipulation for gust alleviation simultaneously. The airfoil geometry for the GAMES has been
developed in a three stage process using a single trailing edge (STE), a dual trailing edge (DTE) and multi-flap
profile (MFP) geometry, as seen in Figure. la-c. This multi-stage evolution of the airfoil allows the aerodynamic
characteristics to be assessed incrementally as the wing geometry increases in complexity between each stage. To
ensure the GAMES’s aerodynamic model is both accurate and robust, validation is performed against existing panel
method codes, historical data and experimental wind tunnel results. For a detailed insight into the development of
the DTE please refer to Blower and Wickenheiser [28-30].

The installation of the MFP enables the wing to perform new capabilities including aero-braking through the
rotation of each flap into the inbound flow (Fig. 1d), drag minimization during gusting flow interaction at high
angles of attack (Fig. 1e) and a wide array of asymmetric geometries (i.e. Fig 1f) to manipulate the airflow, thereby
extending the operating envelope of lift, drag and pitching moment coefficients.
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Figure 1: NACA 4412 with standard singular trailing edge flap (a) and the dual trailing edge flap configuration (b) and the
eight-feathered multi-flap profile configuration (c). The GAMES airfoil with airflow path lines for an aero-braking
geometry (d), minimal drag during flight at large angles of attack (e) and an asymmetric geometry (f).
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MULTI-ELEMENT PANEL METHOD FOR SURFACE LOAD CALCULATION

For each flap configuration, the adaptive panel method (APM) incorporates the free-stream velocity, V_, angle of
attack, « , and flap deflection angle, &,, wherex =1,...,8, shown in Fig. 2. The Dirichlet boundary condition,

which states the internal potential of each element must remain constant, is assessed at the collocation point located
on each panel. Each element is discretized into panels using a cosine distribution applied to the panel’s collocation
points across both the upper and lower surfaces, defined from the leading to trailing edge of each element. During
initial simulations, the panel method’s sensitivity to the number of panels used in the discretization was assessed. In
this assessment, a baseline model of a standard NACA 4412 airfoil was discretized using 5 to 1000 chord-wise
panels per surface and the coefficient of lift was calculated to identify a panel number that offered a reduced
computational time while ensuring the model remained accurate while operating over the desired range of angle of
attack and free-stream velocity. The simulation results indicated that a panel count of 101 chord-wise collocation
points distributed over each surface attained a coefficient of lift within 0.5% of the baseline model, Fig. 2a.
Consequently, 101 panels are applied to each element of the MFP resulting in the panel length varying between
3.4x10°% and 2.7x10*, where the chord length has been normalized to 1, Fig. 2b. An increased panel density is
applied to regions of high sensitivity, i.e. the leading and trailing edge, thereby ensuring an accurate velocity and
pressure distribution are achieved. The APM implements a constant-potential doublet and source method with the
Dirichlet boundary condition applied [20].
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Figure 2: An assessment of the sensitivity and accuracy achieved for an airfoil’s coefficient of lift with varying panel
density(a) and the cosine distribution employed across each surface in a multi-element profile where a = 0°, 81=20°, 81=20°,
82=15°, 83=10°, 84=5°, 85=-20°, d6=-15°, 87=-10°, 3s=-5°, for Re = 1E6 (b)

To calculate the coefficient of pressure across each element, the strength of the doublets and sources distributed
across the airfoil’s surfaces must initially be determined. The source strength is derived from the normal component
of the free-stream flow at each panel’s collocation point (o; =n; -Q,, ). The panel’s doublet strength is calculated

by applying the impenetrability boundary condition at each collocation point [20].
N N N,, N,
ZBijO'j+Zcijﬂj+ZBika+ZCikﬂk =0 (X)
j=1 =1 k=1 k=1

where Band C are the tangential-influence coefficients for each of the singularities on the airfoil elements and

within the wake profile and the doublet strength, «, and source strength, o, are assessed relative to the panel
location.
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To enable the viscous boundary layer to be computed over the surface of the airfoil, the tangential velocity, ui, is
required to determine the boundary layer thickness and the resultant induced drag. The tangential surface velocity is
calculated at each collocation point on both the airfoil and the wake through the summation of the velocity induced

by each singularity and the tangential component of the free-stream velocity relative to the panel, Q,,, :

Hij — Hjs
u =2t g, )
Al

where Al; is the distance between neighboring doublet singularities.
WAKE RELAXATION SCHEME

Panel methods have been demonstrated to be sensitive to the panel distribution and the airfoil geometry [31-33].
Consequently, the panel distributions employed on the airfoil and along the wake are crucial to model the surface
pressure and tangential velocity around an airfoil geometry is crucial to the calculation of the aerodynamic
coefficients of lift, drag and moment.

For the development of an accurate aerodynamic solver, the complex interaction between the airfoil and the trailing
wake must be assessed. As the free-stream flow interacts with both components, the aft wake induces an influence
on the airfoil body and consequently effects both circulation strength required to keep the rear stagnation point at the
airfoil’s trailing edge, also known as the Kutta condition, and the pressure distribution over the airfoil’s surface [20].
In traditional single-pass panel methods, a fixed von Karman wake panel of infinite length (~1000c) is attached to
the airfoil’s trailing edge and aligned with either the trailing edge bisector angle or the free-stream velocity. The
orientation of the wake is user defined and is dependent on the region of interest for the model; for example, a wake
aligned with the airfoil’s trailing edge bisector angle follows the trajectory of the fluid flow as it separates from the
wing’s upper and lower surfaces, thus accurately representing the near field wake velocity profile. However, as the
velocity profile for the wake geometry is assessed further downstream, the airflow becomes dominated by the free-
stream velocity, hence reducing the accuracy of the wake’s downstream influence and violating the conservation of
momentum principle, resulting in the overestimation of lift and underestimation of induced drag [34]. For the latter
scenario in which the von Karméan wake panel is aligned with the free-stream flow immediately aft of the trailing
edge, the opposite result is obtained in which the accuracy of the wake’s influence improves the further downstream
the wake is assessed [34].

To ensure that an accurate representation of the wake influence is achieved, the wake panels are aligned with the
local velocity field, thereby satisfying the flow conditions both within the near- and far-field flows as well as
satisfying the conservation of momentum principle [34,35]. The wake profile is discretized into 50 panels with a
half-cosine distribution for 20c; beyond this length the turbulent wake is assumed to have dispersed, and, therefore,
the flow is dominated by the free-stream velocity [20]. To maintain continuity in the panel density and convergence
of the panel method, the first wake panel and the last airfoil panel are set to be the same length. A modified von
Karman wake panel (~980c) is applied to the end of the discretized wake and aligned with the free-stream flow. The
installation of this wake panel maintains the desired infinite wake length, while preventing wake roll up from
occurring near the airfoil body.

To date, there are two methods commonly employed to derive wake profiles behind an airfoil, the time-stepping
scheme [36-38] and the spatial wake relaxation method [34,39,40]. The time-stepping wake relaxation scheme is
typically applied to simulations assessing unsteady flows [37] or moving components, such as rotor blades or
flapping wings, in which the wake profile is deforming with respect to time. For aerodynamic modeling of steady
flow, an iterative spatial wake relaxation scheme is employed so that the initial discretized wake profile extends
from the airfoil at the trailing edge bisector angle. During each iteration the local velocity vector field is derived
from the normal and tangential velocities:

uz M Z - Z 2}_1{(xi—xj)z+zf} )

T 5 2 2 2 2
2 (xi—xj) +2 (xi—xj+1) + 2 4z X =X, ) +2
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where the tangential and normal velocities, u and w, are calculated with relation to the x- and z- components of the
panel collocation and end points, denoted by subscripts i and j, respectively. The panel velocity components are
converted to the global coordinate system and added to the free-stream velocity (Uy and U,), yielding the local
velocity field in the wake. Each wake panel is subsequently rotated to align with the local velocity field and a new
wake geometry is derived through the magnitude of the vertical and horizontal velocities:

\usin5p+wcosdlﬁ,+uZ

X; :xH+(zj -2;,4) 3)
ucosd, +wcoso, +U,
\usin5p+wcosdlﬁ,+uZ

Z :ZH+(Xj —Xj4) (4)

ucosd, +wcoso, +U,

This procedure is repeated until a convergence criterion is satisfied [35]; for the APM to achieve convergence, the
final wake panel displacement must be less than 0.001 in the z-direction between sequential iterations. Any z-
displacement smaller than this is considered to induce negligible effects on the airfoil’s pressure distribution. For the
baseline NACA 4412 airfoil the spatial relaxation scheme requires three iterations to converge, as shown in Fig 3.

1F

10 . . . ‘ i
081

06r
04r
0.2r
ol
-0.2f

04l

Normalized Thickness [-]
Coefficient of Pressure, Cp [

-06¢

08+

L L L . L I I
0 05 1 15 2 0 0.2 04 06 0.8 1
Normalized Chord Length [-] Normalized Chord Length [-]

Figure 3: An iterative spatial relaxation scheme for a NACA 4412 airfoil at an angle of attack of 13.87° with an initial
wake geometry aligned with the trailing edge bisector angle (red), the 2" iteration (green) and the converged 3 iteration
(black-dotted). The free-stream wake profile (blue) is presented to demonstrate the upper bounds between which the
wake profile will converge (a). The coefficient of pressure distribution of the spatial relaxation scheme (---) is compared
to panel method profiles employing a wake aligned with the free-stream velocity (red) or the trailing edge bisector
(blue), and experimental results (o)

The implementation of a spatial wake relaxation scheme has been demonstrated to supersede the accuracy of the
single panel wake geometry and, consequently, achieve the closest results to experimental data for both coefficient
of pressure and lift [41]. Validation of the relaxation scheme was performed for subsonic incompressible flows,
ranging Re = 0.1-9.2E6, by the assessment of the coefficient of pressure distribution for a NACA 4412 against
experimental data from wind tunnel testing [42,43], shown in Fig 3. The single wake panel methods that are aligned
with the free-stream or trailing edge bisector angle demonstrated an average error across the airfoil surface, relative
to the experimental results of 30% and 5.6% respectively, while the relaxation scheme achieved an average error of
5.2%. However, within the trailing 20% of the airfoil, where the highest panel sensitivity is incurred, this method
achieves an error less than 4.0% versus the free-stream and bisector wake models that incurred 10.7% and 9.7%
error, respectively.
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The implementation of the wake relaxation scheme is extended to the MFP, thereby allowing the influence from
each element and wake to be applied to the airfoil bodies and flow downstream. Each element has an arbitrary wake
profile attached to the trailing edge that iteratively deforms to follow the streamlines around the complex
downstream geometries. For a multi-element wake profile, the wake geometries are solved simultaneously, and the
doublet/source influence is modified accordingly during each iteration. This technique enables the coefficient of
pressure to be modeled accurately within a complex flow for a multi-element airfoil while operating in any
configuration, shown in Fig. 4.

The MFP can be seen to mimic the external surface pressure of a basic NACA 4412 across each flap while in the
rest configuration. Pressure spikes near the leading edge of each flap are a result of the accelerated flow passing
between neighboring flaps, creating a slot flow. In addition, the internal surfaces can be seen to have a coefficient of
pressure equal to one, meaning that the internal fluid flow is stagnant. For a MFP geometry in which all flaps are
deflected into the inbound flow, pressure spikes are incurred at the leading edge of each flap; however, the internal
surfaces are no longer stagnant as the inbound flow now has the capability to pass through the inside of the wing,
indicated in Fig 4.
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Figure 4: Wake relaxation scheme applied to the two-dimensional MFP using a constant-potential doublet/source panel
method at rest configuration (a) and the resultant coefficient of pressure distribution compared to a traditional NACA 4412
(---) (b) and a MFP with flaps deflected to 81 = 20°, 82 = 15°, 3 = 10°, 84 = 5°, 85 = -20°, 86 = -15°, 67= -10°, 8s = -5° (¢) and
the coefficient of pressure distribution (d)
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During certain configurations, a basic spatial wake relaxation scheme for a multi-element airfoil has been
demonstrated to fail when the downstream separation distance between subsequent elements is less than 0.005c.
This is due to the wake profile having an insufficient distance to allow the flow to bend around the downstream
flaps, causing the wake to pass through the airfoil body and resulting in a violation of the impermeability boundary
condition, depicted in Fig. 5a. To overcome this issue, after the first iteration of the spatial wake relaxation scheme
has been completed, each wake is assessed for any interaction with neighboring flaps. In the cases where the wake
collides with a flap, the point of interaction on the body’s surface is defined as a stagnation point, as the wake is
driven to divide and pass around the upper and lower surfaces. During subsequent iterations, the APM determines
that no fluid flow can pass between the elements and therefore redistributes the surface panels from Fig.5b to
encapsulate both the elements and the joining wake, while the aft wake maintained, shown in Fig. 5c. The
relaxation scheme is repeated until convergence is achieved, after which the merged profile is divided, shown in Fig.
5d, and the coefficient of pressure for each element is calculated. This technique can be employed when complex
geometries are selected where multiple wake-element interactions occur.
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Figure 5: The APM modifies the wake-element geometry when interactions are incurred (a) by identifying the elements
involved (b) and redistributing their panels to create a single body (c). When the wake relaxation scheme is complete the
elements are separated and the single wake defined (d).

BOUNDARY LAYER THEORY

To model the viscous drag components induced over the MFP wing’s surfaces accurately, a boundary layer model is
employed. This method employs the coefficients of pressure and tangential velocity derived from the converged
panel method to calculate boundary thickness and viscous drag.

Initially, each element is divided into an upper and lower surface that initiate at the element’s stagnation point; this
location is dependent on the free-stream velocity, the airfoil’s angle of attack and flap configuration. Flow
stagnation on each element is achieved when either the tangential velocity is equal to zero or a wake from an
upstream body interacts with the surface of the element being assessed. Due to the number of possible flap
configurations, and the potential boundary layer separation from an upstream element reattaching to elements
downstream, the boundary layer is modeled forward to aft of the airfoil. The boundary layer growth is modeled with
respect the arc length coordinate, s, which originates at the element’s stagnation point.

To calculate the skin-friction drag, Cq, the dimensionless wall shear stress, also known as the coefficient of friction,
cr, is calculated across each element’s surface. However, to calculate this parameter, the laminar, transition and
turbulent regions must first be identified and modeled. The fluid flow is assumed to be laminar aft of the stagnation
point; consequently Thwaites method is employed to model the growth of the momentum thickness, #, and the
dimensionless pressure gradient, 4, within this regime until either flow transition or separation occurs [44].

The boundary layer is predicted to separate when A(s)s —0.08 [45], or to become turbulent when Michel’s transition
criterion is fulfilled for an incompressible flow with no heat transfer [44,46], given by
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Re, >1.174 [1 + 2;;400} Re 246 (5)

€s

where Res is the arc length-dependent Reynolds Number and Re , is the momentum thickness-dependent Reynolds

Number. These terms are defined as Re, = pus/u and Re, = pu8/u , respectively, where p is air density u is
kinematic viscosity and U is the tangential velocity derived from the APM.

Due to the flow complexities that exist within the transition region, the flow beyond the transition point is assumed
turbulent [44] and modeled using Head’s entrainment velocity method. The flow is assumed to remain turbulent
until either the flow separates, when H(ss)z 2.40 [44], reaches the trailing edge of the airfoil or incurs

relaminarization due to adverse pressure [47-49]. Head’s turbulent method requires the von Karman momentum
integral equation, Eq. 6, Ludwieg-Tillman’s skin friction law, Eq. 7, Cebeci and Bradshaw’s empirical shape factor
and turbulent shape factor relationships, Eq. 8-10, are to be solved simultaneously to identify the boundary layer’s
momentum thickness, shape factor, H, turbulent shape factor, Hi, and coefficient of friction, ct. These parameters,
in addition to the displacement thickness, ¢°, have been calculated at Michel’s transition point and are subsequently
employed as the initial values to propagate these boundary layer characteristics through the turbulent regime.

% + i 2+ 5_ % — 1 Cf (6)
ds V. 6 )ds 2
Cy =0.246 x10 706781 Re 0268 @)

2.61-3.754+5.244 for 0<Ai<01

H(1)= 0.0731 ®)
2.088 + _
014 for -0.1<A1<0
1d -0.6169
— —(V,0H,)=0.0306(H, -3 9
v, dx( oH;) (H,-3) )

where
| 33+0823%(H-1) % for H>16 10)
' |3.3+1.5500(H —0.6778) 3% for H <16
For an extensive review of the boundary layer theory, please refer to Blower and Wickenheiser [30].

In addition, during scenarios where a forward element’s wake interacts with an element downstream, the boundary
is assumed to continue from one element to the next. However, as a one-equation boundary layer theory is
employed, the boundary layer growth cannot be modeled beyond separation. To overcome this issue, the rate of
growth beyond the element’s trailing edge is assumed to remain constant; subsequently, any element surfaces within
the trailing edge plume are defined to resume the boundary layer in the current regime.

As the laminar, transition and turbulent regions have now been successfully modeled, the coefficient of friction, a
dimensionless representation of the wall shear stress, z,,, along the airfoil surface can be found from Eq. (9)

Ty =Cf %pVe2 X)
The tangential and normal forces are calculated using the pressure distribution and viscous forces applied to the

airfoil surface. The coefficients of lift, drag, and moment can be subsequently calculated for each flap configuration
through the integration of the pressure and wall shear stress incurred across airfoil’s surfaces.
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RESULTS

During the development of this aerodynamic model, the boundary layer models employed were validated
through comparison to existing codes, JavaFoil, XFoil, and Pablo. However, due to the MFP containing multiple
bodies, none of these other codes can model the boundary layer flow for these configurations, therefore the
simulations were performed for the a single trailing edge profile with and without the integration of the iterative
wake relaxation scheme. Each code simulated the airfoil geometries in the rest configuration, where o= 0° and & =
0°, for a Re = 3,000,000 to model the momentum thickness and coefficient of friction over the wing’s surface. The
APM and Pablo codes both implement Thwaites, Michel’s and Head’s as their flow regime boundary layer
conditions, while JavaFoil implements the methodology developed by Eppler [50]. XFoil employs an interaction
method, thereby coupling the resultant effects of the inviscid and viscous flows and the e" transition method [51].

For each of the five methods compared, JavaFoil, XFoil, Pablo, and the APM with and without wake relaxation, the
transition point can be identified by the rapid change in momentum thickness and coefficient of friction along the
airfoil’s surfaces, as seen in Fig. 6. The transition point for each panel code is defined by Michel’s criterion along
the upper and lower airfoil surfaces. The transition point of the APM with no wake relaxation scheme occurs
downstream of the JavaFoil transition point at 18% and 9% for the upper and lower surfaces, respectively. In
comparison, Pablo has a delayed transition point by 18% and 5%, respectively. The discrepancy in the transition
point of Pablo and the APM is due to Pablo rounding the stagnation point to the nearest collocation point, therefore
causing the velocity profile to be redistributed around the airfoil and causing the boundary layer to reach the
transition condition after a shorter distance. XFoil showed transition 2.87% and 6.64% earlier than the APM
without wake relaxation as the e" method has been demonstrated to trigger the transition point earlier than other
transition criteria [26]. In comparison between the APM with the integrated wake relaxation scheme, the upper and
lower surface transition points occur 8% and 12%, respectively, further upstream. This is a result of the change of
pressure distribution over the airfoil’s surface due to the influence of the wake profile. The boundary layer method
employed has demonstrated a reliable consistency with competitive codes, and was subsequently employed for the
multi-element modeling.

-3
4510 : : : 0.04
4 0.035 ]
35¢
E % 0.03 1
2 i 0.025
3 25¢ Ile_
£ o« 002 1
=]
£ 2 £
£ 3 0015 ]
£ 15) 5
[=] o
= © o001
1 L
05| 0.005 4
" L L L L 0‘..‘..= T I S S S B R
0 02 04 086 08 1 0 0.2 04 086 08 1
Normalized Chord Length [-] Normalized Chord Length []

Figure 6: A comparasion between the growth of momentum thickness and coefficient of friction over a NACA 4412
geometry at an angle of attack, a = 0°, trailing edge deflection & = 0°, at a Re = 3,000,000 for the APM with/without the
iterative wake relaxation (red) and (magenta dashed) respectively, JavaFoil (green), Pablo (black), and XFoil (blue).

The flight coefficients are calculated for the STE airfoil between angles of attack +16° in 2° increments, with the
flap positioned in the rest position. Experimental data performed both at GW and previously by Abbott et al. [19]
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are included in the assessment of the flight coefficients calculated by the APM. Abbott et al. reported data on the
NACA 4412 airfoil at a Re=3e6, whereas the simulations performed by JavaFoil, Pablo and the APM were repeated
at a Re=3.5e5 to accommodate for the flow characteristics that can be achieved in the GW wind tunnel. The APM
with a wake relaxation scheme demonstrated consistency with the experimental data for all aerodynamic
coefficients. Across the range of angles of attack, a maximum variation of +4.5% for coefficient of lift was
produced by the APM with the wake relaxation scheme, Fig. 7a. For the drag coefficient, a difference of 9% was
calculated in comparison to the experimental data of Abbott et al., Fig. 7b. The coefficient of moment varies up to
22% in comparison to Abbott et al. across the angle of attack range -13° to 6°, Fig 7c. The APM with wake
relaxation has been demonstrated to be a consistent improvement in comparison to the basic APM, when compared
to experimental results.
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Figure 7: The coefficient of lift (a), drag (b) and moment (c) for a NACA4412 at Re = 350,000 for the APM with wake
relaxation scheme (APMwrs) against competitive codes and experimental studies [19]
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CONCLUSIONS

This paper presents the development of an adaptive panel method with an iterative spatial relaxation scheme and
integrated boundary layer for a two-dimensional multi-flap profile that can both mimic the geometries generated by
a standard airfoil and generate complex profiles to manipulate the local flow. Due to the number of potential
configurations available by the multi-flap profile, it is crucial to validate the basic geometries against airfoil
configurations that have been extensively tested both computationally and experimentally. The implementation of
the wake relaxation scheme has achieved an improved accuracy in the pressure distribution over the airfoil and
enables flow separation and reattachment to be modeled between sequential elements.

The application of Thwaites, Michel’s and Head’s boundary layer theories enable the growth of the momentum
thickness and coefficient of friction to be assessed while the airfoil is operating in the basic rest configuration,
thereby mimicking a NACA 4412 geometry, or the complex multi-element geometries. The wake region modeling
also accounts for the boundary layer growth over multiple surfaces through the identification of the reattachment
regions, thereby improving the accuracy of the model. In addition, the regions of relaminarization due to adverse
pressure gradients can also be assessed using the adaptive panel method, which becomes advantageous when airfoil
profile is in a morphed configuration, where flow separation and reattachment can occur across the airfoil and wake
geometry.

This methodology has been demonstrated to operate successfully in comparison to competitive codes while
operating the basic configurations and closely tracks the trends given in experimental results. This aerodynamic
solver can accurately accommodate for the multi-lifting surface designs that are present in bio-inspired aircraft
design.
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