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ABSTRACT

El Haddad, Nicolas MSAE, Embry-Riddle Aeronautical University, May 2015. Aero-
dynamic and Structural Design of a Winglet for Enhanced Performance of a Business

Jet.

The preliminary design of a winglet to improve the range and fuel burn of the Fal-
con 10 business jet is presented. Twelve candidate geometries were studied varying
the cant angle and the span. The configuration offering the best compromise between
induced drag reduction, profile drag increase and weight increase due to the winglet
structure and necessary wing structural reinforcement was selected. More refined
analysis was performed for that winglet with Reynolds averaged Navier-Stokes com-
putational fluid dynamics and finite element analysis. Range and fuel burn were fi-
nally calculated for a typical mission using these refined results. The selected winglet,
with a span of 3.219 ft, a cant angle of 45° and a sweep angle of 40° increases range
by 3.3% and saves about 3.8% of fuel on a 1200 Nm mission.



1. Introduction

1.1 Objectives

The goal of this project is to study the benefit of a wingtip device for retrofitting
the Dassault Falcon 10. The expected benefits are an increased range and lower fuel
burn. Well designed winglets reduce drag at high and low speeds, potentially allowing
shorter takeoff distances, reduced takeoff noise, increased range and cruise speed. This
design is the result of the compromise between the reduction in induced drag and the
increase in profile drag and structural weight. Winglets constitute a relatively low
cost alternative for improving an aircraft performance, particularly compared to other

solutions such as engine upgrades.

1.2 Baseline Aircraft. Dassault Falcon 10

The winglet in this thesis is proposed for the Dassault Falcon 10 that entered
into service in 1973 (Mystére-Falcon 10-100, 2015). It has a ceiling of 45,000ft and
a maximum operating Mach number of 0.87. Its range is 2000 Nm carrying four
passengers at Mach 0.75 and an altitude of 35,000 ft without fuel reserves (Avions

Marcel Dassault - Breguet Aviation, 1993).



A total of 226 Falcon 10 and Falcon 100, a variant of the Falcon 10, were produced
between 1973 and 1989 (Mystere-Falcon 10-100, 2015) of which about 140 are still
active today (M. Lavanant, personal communication, April 16, 2015). Table 1.1
presents a summary of the aircraft design weights and the geometry is shown in

Figure 1.1.

Table 1.1. Summary of Falcon 10 weights

Max. Takeoff Weight 18300 1b
Max. Zero Fuel Weight | 12460 1b
Min. Flight Weight 9920 1b
Typical Empty Weight | 11460 1b

1.3 Induced Drag and Wingtip Devices

1.3.1 Review of Induced Drag

Induced drag is caused by the generation of lift. A wing generates high pres-
sures on its lower surface and low pressures on its upper surface. The resultant of
those pressures is an upward force. However, because of that pressure differential, a
swirling motion is established at the tip with air moving from the high pressure region
towards the upper surface. This movement combined with the streamwise velocity
of the air, and amplified by the downwash generated by each wing section along the
span, generates vortices emanating from the tips and trailing streamwise. A spanwise

velocity component is created all along the wing, oriented from root to tip on the



45 ft 5.5in —

15 ft 1in

42 ft 11in

Figure 1.1. Dassault Falcon 10 3-view drawings

lower surface and from tip to root on the upper surface. The resulting discontinuity
in spanwise velocity between the upper and lower surfaces of the wing creates a thin
shear layer behind the wing called vortex sheet, which will end up rolling around the
tip vortices, feeding them with additional vorticity.

The tip vortices affect the motion of the entire flow field around the wing, thus
modifying the pressure field around it, and as a result, the aerodynamic forces acting
on it. A downward velocity component is generated along the wingspan, locally

changing the effective angle of attack and tilting the lift vector backwards, therefore



the effective lift vector has a component in the direction of the freestream velocity,
which is known as the induced drag or lift dependent drag.

It is possible to calculate the induced drag from the integration of the flow velocity
distributions on a plane far downstream perpendicular to the flow direction known as
the Trefftz plane. At a given lift coefficient, the induced drag is a function only of the
aspect ratio, or more generally of the shape of the trailing vortices wake and of the
spanwise lift distribution. As the aspect ratio increases, the wing gets closer to an ideal
infinite span wing for which the induced drag is zero. The spanwise lift distribution
is related to the induced angle of attack and thus to the induced drag. For a planar
wing, the minimum induced drag is obtained when the spanwise lift distribution is
elliptical (Anderson, 2011). However, the total drag includes also the parasitic drag,
a function of the wetted area, pressure drag and wave drag. Thus induced drag can
be reduced with higher aspect ratios, however that increases the profile drag and will
also result in higher bending moments that may require structural reinforcements,
hence higher weights adversely affecting the overall aircraft performance.

Accordingly the aircraft range and fuel burn will only be improved with a com-

promise of all these competing effects.

1.3.2 Different Wingtip Devices and their Effect on Induced Drag

Over the last decades, engineers have dealt with the problem of induced drag
reduction by designing various types of wingtip extensions. Some attempts were first

made by adding vertical flat plates at the wingtip with the intention of preventing



the tip vortices formation. However, any induced drag reduction produced, mostly at
high lift coefficients, was compensated by a large increase in friction drag near cruise
conditions giving a zero net improvement or even a total drag increase (Whitcomb,
1976).

Whitcomb set a benchmark in the design of wingtip devices by adding two nearly
vertical small wings to the tip of a wing, one upwards and the other downwards
as shown in Figure 1.2(a). Contrary to vertical end-plates, winglets are designed
to generate a normal force inward and affect the overall lift distribution along the
wingspan. The winglet can be considered as a non-horizontal wing span extension,
that, in addition to increasing the effective aspect ratio, allows tailoring of the span-
wise lift distribution making it closer to ideal, thereby reducing induced drag. The
ideal spanwise lift distribution for such a configuration is different from the elliptic
lift distribution, ideal for a planar wing, and several authors (e.g., Kroo, 2005; Cone,
1962) have focused on its calculation for non-planar wing configurations, showing the
benefit of a non-planar tip extension.

As a general rule, the larger the length of the added device, the larger the reduction
in induced drag but that improvement is partially limited by the increase in other
drag components such as viscous or wave drag. Moreover, the addition of a wingtip
device increases the structural loads, in particular the bending moments, resulting
in added weight due to the necessary wing reinforcement, in addition to the winglet

weight itself.



(a) Whitcomb style winglets on the MD-11 (b) Boeing 737 Max Advanced Technol-
(Picture by Phil Rademacher, reproduced ogy Winglets.
with permission).

(¢) Falcon 2000S blended winglet (d) Airbus A320 wingtip fence (Wikimedia Commons,
(Picture by author). 2014).

(e) Anhedral winglet. (f) Boeing 777 raked wingtip (Picture by Phil
Rademacher, reproduced with permission).

Figure 1.2. Different wingtip extensions.



Whitcomb’s winglet was used as a reference for retrofit of the DC-10. The lower
part was initially designed to reduce the induced velocities on the upper winglet in
order to minimize the undesirable effects of the interference between the wing and
winglet (Whitcomb, 1976). This effect was verified during wind tunnel and flight
tests. However, it was also found that the lower winglet encountered stall at lower
lift coefficients than the rest of the wing, which propagated to the upper winglet,
thus mitigating its beneficial effect (Shollenberger, Humphreys, Heiberger, & Pearson,
1983; Taylor, 1983).

More recent aircraft feature split winglets such as the Boeing 737 Max equipped
with Advanced Technology Winglets (Figure 1.2(b)) or Split Scimitar Winglets. When
properly designed, split winglets can produce up to 90% of the induced drag reduction
of a single winglet of the same height for half the wetted area (McLean, 2005).

Blended winglets are used on several current civil and business aircraft such as
the Boeing 737 NG, Airbus A320, Hawker 800, Falcon 2000, etc. The use of a large
smooth fillet between the wingtip and winglet root (Figure 1.2(c)) reduces the induced
drag benefit compared to a sharp canted winglet (McLean, 2005) but the benefits in
terms of viscous drag and reduced interference compensate that shortfall (McLean,
2005; Thomas, 1985).

Another type of wingtip device is a highly swept and tapered planar tip extension
(raked wingtip) such as used on the Boeing 777 (Figure 1.2(f)). As noted earlier, the
use of a winglet has an effect similar to that of increasing the wing span of an aircraft.

According to McLean (2005), a horizontal tip extension offers twice as much reduction



in induced drag as a vertical extension of the same size but adding nearly twice as
much weight to the wing structure. Van Dam (1987) showed that for a planar wing
with elliptical lift distribution, the induced drag can be further reduced by gradually
sweeping the wing aft in a crescent-moon-like shape. The raked wingtip combines
that effect with an increased wing aspect ratio. The use of horizontal tip extensions
is limited in practice due to airport compatibility considerations and in general, it is
not the preferred option for retrofit because it is likely to require significant structural
reinforcement.

Recent works have studied the effects of large anhedral winglets alone (Figure
1.2(e)) showing that they can produce similar drag reductions to that of large upper
winglets with lower bending moments (Mann, 2006). However, as with Whitcomb,
problems with separation were encountered at low speeds (Biischer, Streit, & Rohardt,
2006) and also ground clearance is problematic with this configuration.

C-shaped winglets were inspired by research on box wings. Kroo (2005) showed
that when the horizontal span of a wing is limited, the configuration leading to the
minimum induced drag is a box plane but this configuration produces an important
friction drag due to the wetted area. In contrast, a C-shaped wing-winglet achieves
similar induced drag reductions to those of the box plane but for a much lower wetted
area. Furthermore, the optimal lift distribution for a C-shaped wing corresponds
to a downward lift component on the winglet horizontal extension, and therefore
lower bending moments. However, the presence of two corners suggests possibly

significant interference which would mitigate the achievable drag benefits. Moreover,



this configuration presents bad aeroelastic properties that could result in an increase
in weight. The significant changes in the wing structure, that a C-winglet would
require, prevent it from consideration for retrofit of an existing aircraft.

The wingtip fences (Figure 1.2(d)) are smaller devices, whose effect on aircraft
drag is small compared to larger winglets but the increase in bending moment is
also reduced such that structural reinforcement is minimized. Therefore, they are
particularly good candidates for the retrofit of an existing aircraft. Wingtip fences
generate a side force by the development of a leading edge vortex due to their high
sweep angle (similar to a delta wing). Wingtip fences can reduce aircraft drag in
cruise by 1.5% (Poisson-Quinton, 1985). More recent research proved that using
a small downward pointing winglet could further improve the aircraft take-off lift

to drag ratio by 2% with similar cruise performance and structural impact (Mann,

2006).

1.4 Winglet Geometry for the Falcon 10

The previous chapter introduced the necessary tradeoff to be made between drag
reduction and weight increase, when designing a wingtip device. It was noted that
wingtip fences are interesting for retrofit due to their low weight penalty but they can
only achieve small drag reductions. Dassault, together with other sources (Huber,
2012), suggests that the Falcon 10 may have non-negligible structural margins that
would allow larger wingtip devices to be installed. However, the aft-swept low wing

present on this aircraft greatly limits the use of a downward pointing device because
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of ground clearance. The use of a blended type winglet then appeared as a good
choice due to its simplicity and to the fact that this concept has been successfully
used for many aircraft, including other Falcon aircraft. That type of Wingtip device
was hence considered in this work.

Whitcomb (1976) defined a set of good aerodynamic practices for the design of
an effective winglet. Those rules were used as a reference for the winglets tested in

this work. Details of the winglet geometries considered are given next.

Leading Edge
Offset

[ | winglet span

\Cant Angle

_ angle |i
Winglet Root Chord |

Wing Tip Chord

Figure 1.3. Winglet geometry parameters

1.4.1 Planform

For aerodynamic efficiency, the winglet must be tapered in the same way a wing
would be (Whitcomb, 1976). A taper ratio of 0.35 was selected based on Figure 1.4,

for minimum induced drag. The winglet sweep must be similar to that of the original
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wing in order not to alter its effectiveness in the transonic regime. A leading edge
sweep of 40° was selected (i.e. slightly higher than the 30.5° outboard sweep of the

original wing).

Q.08

0.06
0.04
0.02
0 ————————————— - Trel s T T T YT T
- Elliptical —/f E
-0.02 L | ! | | | | )
0 0.2 0.4 0.6 o8

Taper ratio

Figure 1.4. Induced drag factor for elliptic and linearly tapered wings
(McCormick, 1995).

1.4.2 Position and Chord

The induced drag depends only on the lift distribution in the spanwise direction.
According to Munk’s stagger theorem (Munk, 1921), shifting the winglet longitu-
dinally does not affect its potential induced drag reduction. To maintain the lift
distribution unchanged it may be necessary to adjust parameters such as the twist
angle. Thus the use of a winglet with a root chord smaller than the wing tip chord

allows the same induced drag reductions as full chord winglet for a smaller added
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wetted area, provided the lift distribution remains unchanged. In fact, a full chord
winglet may produce detrimental interference effects; the superimposition of the low
pressure region over the wing with that over the winglet leads to an early formation of
shockwaves, increasing wave drag. Shifting the winglet leading edge aft, the two low
pressure regions are separated, thus reducing the detrimental interference effects and
avoiding shockwaves. The winglet trailing edge is placed coincident with the wing

trailing edge such that there is no discontinuity in the flow.

1.4.3 Blending

The benefits of using smooth fillets at the winglet root were presented in section

1.3 of this thesis. Smooth fillets were used in the winglets designed for this study.

1.4.4 Incidence and Twist

Because of the inflow angle at the upper wingtip, the winglet must be toed out
in order to reduce its effective angle of attack. The optimal toe out angle depends
on the inflow angle at the tip and on the required winglet angle of attack for optimal
spanwise lift distribution, corresponding to the minimum induced drag. The inflow
angle is reduced as we move outboard along the winglet span, thus providing some
aerodynamic twist. Additional twist can be added to the winglet in order to achieve a
desired lift distribution but is not generally required Whitcomb (1976). Optimization

of the winglet toe out angle and twist to achieve the optimal lift distribution was not
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considered in this study. The Boeing 737NG, winglets were first designed without toe
out angle, which resulted in high induced drag reductions but high bending loads.
The winglet was later toed out 2° to reduce the loads, this increased the induced drag
but decreased other drag components such as wave and profile drag, compensating
the induced drag benefit loss (Faye, Laprete, & Winter, 2002). For this work, no

geometric twist was imposed and a toe out angle of 2° was set.

1.4.5 Airfoil

The winglet airfoil must provide the required normal force coefficients for optimal
spanwise lift distribution without causing flow separation before the original wing
does. Additionally, the Falcon 10 cruises at high subsonic speeds and is hence sensitive
to the formation of shock waves and its associated wave drag. The winglet airfoil
described by Whitcomb (1976) was designed for such operating conditions and is
similar to the wingtip airfoil of the Falcon 10. Whitcomb states that to meet the
requirements stated earlier, the winglet airfoil camber must be significantly greater
than the wing tip airfoil camber. The Falcon 10 wingtip airfoil was hence used for

the winglet, with a camber increased to 2.4% as done by Whitcomb.

1.4.6 Size and Cant Angle

Size and cant angle are two of the parameters having the greatest impact on

the winglet performance (e.g., Rademacher, 2014; Takenaka, Hatanaka, Yamazaki,
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& Nakahashi, 2008). Larger winglets achieve higher induced drag reductions but at
the cost of increased friction drag and higher bending moments. As Takenaka et al.
(2008) showed, high cant angles lead to increased interference and hence increased
wave drag, even when blending is present but they reduce the wing bending moments,
hence the weight. On the other hand, low cant angle winglets add to the total lift and
hence allow the aircraft to fly at a lower angle of attack thereby reducing its induced
drag but at the cost of higher bending moments. The choice of these two parameters

results from a tradeoff between different drag components and structural weight.

1.5 Scope of the Study

Rademacher (2014) systematically studied the effect of certain design parameters
such as cant angle, sweep angle, taper ratio and span on the performance of winglets
for the Falcon 10, albeit with low fidelity methods, in particular, VLM and handbook
calculations. However, important effects were left out (shockwaves, viscous effects,
structural reinforcement weight) due to limitations of the tools used.

For this thesis, the performance of the aircraft is determined taking into account
the aerodynamic and weight effects of the winglet. A literature review allowed to
narrow down the winglet design space. A blended winglet inspired by the Whitcomb
winglet geometry was considered, with various cant and span angles within a practical
range. VLM provided estimations of the effect of winglets on the aircraft drag, for
screening purposes. The winglet weight was estimated in a simplified manner using

available data, and wing reinforcement was calculated using finite element analysis
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(FEA) to estimate the total added weight. Reynolds Averaged Navier-Stokes (RANS)
Computational Fluid Dynamics (CFD) simulations were used to accurately estimate
aerodynamics of the best winglet, including the effects of shock waves, viscosity and
interferences. Aircraft range and fuel burn were finally calculated for a specified
mission.

The winglet design approach presented in this thesis does not rely on multidisci-
plinary design optimization. Changes in the aircraft’s flutter characteristics, fatigue,

and trim drag were not considered.
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2. Methodology

Twelve winglet configurations were considered with cant angles ranging from 45° to
80°, and with winglet spans of 10%, 15% and 20% of the baseline wing semi-span
(Figure 1.3). A different value of the offset between the leading edge of the wing tip
and leading edge of the winglet was set for each winglet size in order to keep the

aspect ratio of the winglet higher than 3.7, as presented in Table 2.1.

Table 2.1. List of winglet parameters used in this study.

Cant Angle 45° 60° 70°  80°
Winglet Span (ft) 2146 3.219 4.291
Percentage of Wing Span | 10% 15%  20%
Leading Edge Offset (ft) | 1.362 0.984 0.656

Winglet Aspect Ratio 3.7 4.6 5.3
Taper Ratio 0.35
Leading Edge Sweep 40°

Wind Tunnel and CFD calibrated VLM models were used to quantify the change
in lift and induced drag for each winglet configuration, while the change in parasite
drag was computed using handbook calculations calibrated with CFD results. The
added weight was estimated for every winglet using empirical calculations and finite

element simulations. The best winglet was selected and polars were determined using
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CFD simulations to finally evaluate its effect on aircraft range and fuel burn, for a

specific mission. Details of the different steps are presented here.

2.1 Prediction of the Aircraft Aerodynamic Characteristics

Wind tunnel results for the Falcon 10 at high subsonic speeds were provided by
Dassault, but reproducing such wind tunnel experiments for every winglet configu-
ration would be costly, both in terms of time and money. Reliable lift and induced
drag estimations can be obtained within minutes using the vortex-lattice method,
provided the model is calibrated. However, VLM assumes inviscid potential flow and
is hence unable to calculate viscous and wave drag. RANS simulations were used in
addition to the VLM results to accurately determine the drag polars, with winglets,
incuding the effects of viscosity and shock waves. The different aerodynamic models

used in this work are described in the next sections.

2.1.1 Computational Fluid Dynamics Analysis

The aircraft wing aerodynamics were studied using RANS simulations in ANSYS
Fluent®. The study of the entire aircraft was initially considered because of the
availability of wind tunnel results for validation. However, due to the high memory
requirements, the problem was reduced to the study of the wing only. This intro-
duces some discrepancy at the root as shown in figure 2.1 but it can be assumed

that the fuselage has minimal effect on the flow near the wingtip and that its aero-
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(a) Spanwise lift distribution, in presence of the fuselage (qualitative)

e

» 3

i ™~

[
(b) Spanwise lift distribution, without the fuselage (qualitative)

Figure 2.1. Effect of the boundary conditions on the spanwise lift distribution.

dynamic contribution remains unchanged as the winglets are added, thus justifying
this simplification.

The baseline wing geometry was modeled and a grid independence study was
performed and validated with respect to the wind tunnel data (see section 3.1). Sim-
ulations were then run to determine the lift and drag at different angles of attack and
Mach numbers. The spanwise lift distribution was extracted and used for calibration

of the wing VLM model described in section 2.1.2.
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A winglet configuration was arbitrarily chosen within the design space and an-
alyzed at the same angles of attack and Mach numbers as the baseline wing for
calibration of the winglet calculations in the VLM model. The results of these sim-
ulations were also used to derive a correction factor for the friction drag estimations
as it will be explained later.

The design space exploration was carried out with the VLM code because of its
quick turnaround time and adequate accuracy once it had been calibrated with regard
to the wind tunnel and the RANS results. The VLM results were used together with
the weight calculations to find the best candidate. Once it was identified, that config-
uration was analyzed with RANS at the same angles of attack and Mach numbers as
the baseline wing to generate new polars for the aircraft with winglets for the range
calculations (see section 2.4).

All physical conditions simulated in ANSYS Fluent® involve symmetrical flow
(zero sideslip angle), hence only the left wing was modeled. A symmetry boundary
condition was applied at the intersection between the wing and the fuselage (”external
root”). An adiabatic, no slip boundary condition was set at the wing surface. Mach
number, static pressure and temperature were imposed at the far field through the
use of a pressure far-field boundary condition.

The RANS approach relies on the assumption that every variable describing the
airflow (e.g., density, velocity, etc.) can be separated into an average term and a
fluctuation term. The average flow field is solved and the effect of the fluctuations on

the average flow field is buried into the turbulence model equations. For this study,
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air was modeled as an ideal gas, viscosity was set as a function of temperature using
Sutherland law, and the energy equation was enabled to account for compressibility
effects. The 1-equation Spalart-Allmaras turbulence model was used initially during
the grid convergence study but the 2-equation &£ — w SST model was later used due
to its better accuracy in predicting boundary layers and separation.

The Fluent® second order implicit density based solver was used. For convergence
acceleration, a full multigrid initialization was performed for each simulation and a

pseudo-time stepping approach was used.

2.1.2 Vortex Lattice Method

The VLM method allows fast estimation of lift and induced drag and was hence a
useful tool for this study. However, it does not compute parasite and wave drag. All
the VLM simulations run in VLAERO® include a Prandtl-Glauert scaling to account
for the effects of compressibility on the aerodynamic forces. The different models

used in this work and the results obtained are presented next.

Wing Model

Accurate induced drag prediction requires an accurate estimation of the spanwise
lift distribution, which could not be determined from the available wind tunnel results,
but could be extracted from the RANS results. Therefore, a first VLM model was

created for the same geometry as the one modeled in Fluent®, that is to say only
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the wing with a symmetry boundary condition at the external root, and calibrated
with respect to the RANS results. The planform of the original wing was reproduced,
separated into different parts at the location of the airfoils A to D (see Figure 2.2).

Camber and twist were applied to these airfoil sections.

Airfoil A
Airfoil B
Airfoil C

-_‘_\'

Afrfoil D

Figure 2.2. Wing VLM model.

The lift and the induced drag of the wing were calibrated to match the CFD
results at Mach 0.7. Circulation and incidence correction factors were applied to each
part of the wing to reproduce the same lift contribution for each section as the one
from RANS. VLAERO® uses the Trefftz-plane theory introduced in section 1.3 to
calculate induced drag and a calibration factor (”Trefftz factor”) of 1.2 derived in

previous work (Rademacher, 2014) also showed good results in this study.



22

Once the calibration of the baseline wing model was carried out, the geometry of
the winglet 1570 (15% span, 70 cant) was created in VLAERO® and added to the
wingtip. For consistency with the results on the baseline wing, the calibration factors
for the rest of the wing were kept unchanged and the same Trefftz factor of 1.2 was

used.

Full Aircraft Longitudinal Model

After the wing was calibrated against the CFD results, the fuselage and engine
nacelles were added to the VLM model. This model can also be used for calculations
of the trim angle of attack and the trim drag, provided the horizontal tail is added
and calibrated. The latter could not be done in this thesis due to the time constraints,
however, the full aircraft VLM model drag polars were used for the winglet selection.
For calibration, simulations were run at different angles of attack and Mach numbers
and the results were compared to the wind tunnel results for the tail-off aircraft.

Simulations were run for different angles of attack, at Mach 0.7 and Mach 0.8, for
the 12 candidate winglet configurations, using the calibrated models, to produce the

drag polars for the aircraft with and without winglets.

Full Aircraft Lateral Model

The longitudinal model presented before was used for simulating symmetric con-

ditions. For the determination of the loads for a sideslip condition, a different model
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Figure 2.3. Entire aircraft longitudinal VLM model.

was constructed (Figure 2.4). It can also be used for estimation of the aircraft lateral
and directional stability. Since no data was available for calibration of this model,
the calibration factors determined earlier for the wing, fuselage and nacelles were also

used for the lateral model as well.

2.1.3 Parasite Drag Model

The VLM assumes inviscid flow, therefore the parasite drag needs to be estimated
separately. For clarity and ease of calculation this term can be broken into two
components, the baseline aircraft parasite drag and that of the winglet.

The fuselage and baseline wing parasite drag, Cpuiscous, Was simply estimated by
subtracting the VLM predicted induced drag from the total drag determined by wind

tunnel tests. It is a function of the angle of attack.
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Figure 2.4. Entire aircraft lateral VLM model.

The second term is the winglet’s contribution to the total parasite drag due to
the added wetted area. It was calculated using a traditional drag buildup method

(Bertin & Cummings, 2014):

S wet

CDoWL = KCJ(S
ref

(2.1)

where K is a form factor including the effect of airfoil thickness and winglet sweep,

the friction coefficient C} is calculated assuming a fully turbulent boundary layer by

455
Cy =

- (2.2)
log (RBWinglet)

2.58
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where Rewingier is the Reynolds number based on the mean aerodynamic chord of the
winglet.

If the winglet is to be retrofitted, part of the original wingtip will be removed to
be replaced by the winglet and the drag contribution from the removed wingtip can
be estimated, using equation 2.1. The net effect of the winglet on the parasite drag

is then:

ACDOWL = CDOWL - C’Do removed tip (23)

The results of equation 2.3 were calibrated with respect to the RANS calculations

and a correction factor of 2.5 was added such that:

Swe Swe removed ti
ACpowr, = 2.5 x (KWL.Cf.—St = Kpemoved 1ip-Cp =m0 “’) (2.4)
ref ref

The total drag was then calculated using the VLM induced drag Cp;y, 4pro DY:

Cpiot = Chivispro (a) + Cbuiscous (O‘) + ACpowr (25)

2.2 Estimation of the Added Weight

The winglet results in a net weight increase due to its own structure plus the wing
structural reinforcement required to sustain the increased loads. The estimation of

these two components is presented here.
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2.2.1 Winglet Weight

The detailed structural design of the winglet was beyond the scope of this work.
However, published data exists for the Hawker 800 and the API winglet for the
Boeing 737 NG. For the latter, the weight given was 300 lbs with 75% being the
winglet structure (McLean, 2005). For the Hawker, whose size, mission, and therefore
design parameters are close to the ones considered here, the weight increase was 115
Ibs (Hawker 800SP & Hawker 800XP2, 2014). Thus, scaling by planform area and
assuming only 75% of the total Hawker added weight, a rough winglet weight can be

estimated by:

SWz'n i

glet i

WWinglet i = WWz'nglet Hawker 800 ( (26)
SWinglet Hawker 800

2.2.2 Structural Reinforcement Weight

Data was available about the Falcon 10 wingbox structure (Avions Marcel Das-
sault - Breguet Aviation, 1972) and, therefore, it was possible to determine whether
there were sufficient structural margins or whether extra reinforcement was needed.
A finite element model of the wingbox was created and calibrated with respect to
Dassault’s wingbox stress analysis report (1972). The model was used for a set of
critical loads with the different winglets. For every winglet configuration, the VLM
models were run at these critical conditions and the pressure distributions obtained

were used as input for the FEM model. The stresses were calculated and stiffen-
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ers were added wherever it was necessary to provide positive margins of safety, for

buckling and static strength.

Critical Loads

The baseline wingbox was sized to resist two specific load conditions (Avions
Marcel Dassault - Breguet Aviation, 1972): an upward gust condition, critical for the
inboard part of the wing and a roll condition, critical for the outboard part of the
wing. The stress report provided shear force and bending moment diagrams for each
of these conditions in the deformed wing shape.

An additional loading case was studied, corresponding to a sideslip maneuver.
Since the maximum symmetric maneuvering load factor was lower than the maximum

gust load factor, it was not considered in this study.

Gust Condition The upward gust condition used in Dassault’s structural analysis
report corresponds to a net load factor of 5, including the lift minus the wing inertia
relief. This load factor occurs at an angle of attack of 8 at Mach 0.84 (M¢) and
an altitude of 23000 ft (maximum gust load factor altitude according to Torenbeek’s

gust load factor estimation approach (2013))

Roll Condition For the roll condition, the FAR, Part 25, specify that the aircraft
must be able to reach the same roll rate when flying at Vi as it would have with a full
aileron deflection at V4, the design maneuvering speed. Moreover, the aircraft must

be able to withstand this roll rate when flying at a load factor of two thirds of the
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maximum maneuver load factor, i.e. 2. The ultimate loads are then determined by
multiplying the limit loads by a factor of 1.5. The ultimate loads in the deformed wing
shape, given in the structural report (Avions Marcel Dassault - Breguet Aviation,
1972) were approximated in this study by applying a factor of 1.1 to the aerodynamic
loads occurring for max aileron deflection at Vi for a load factor of 2, at 10000 ft
(maximum dynamic pressure at Vi), at MTOW. Inertia relief due to the wing weight

and fuel weight at a load factor of 2 were also considered.

Sideslip Condition The FAR, Part 25, specify that the aircraft must be able to
withstand loads resulting from a full rudder deflection during unaccelerated flight at
speeds from Vy;e to Vp. Although this sideslip maneuver condition is in general not
critical for a wing, the presence of close to vertical winglets at the tip can result in
high bending moments that may cause those maneuvers to become critical (Faye et
al., 2002).

The equilibrium sideslip angle of +16.5° resulting from a full rudder deflection
(£35°) at Vp was determined using the lateral VLM model described in section 2.1.2.
The weight considered for this loading case was the MTOW at the altitude corre-
sponding to the maximum dynamic pressure at the design dive speed. These condi-
tions result in the highest pressure loads on the wing. The angle of attack associated
with level flight in these conditions is 2°. The wing structure and its fuel weight
were added to the pressure loads and the total loads were finally multiplied by 1.5 to

represent the ultimate sideslip loading conditions.
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Baseline Wing Structure

A model of the wing structure was created in CATIA®, based on the data made
available by Dassault, comprising the wing skin, 19 ribs, a front, mid and rear spar
and a tip fairing.

As shown in Figure 2.5, the front and rear spar both extend from the center
wingbox attachement to rib 16, whereas the mid-spar extends only to rib 3. The
front and mid-spars are attached to the center wingbox. The rear spar is attached to

the mid spar through ribs 2 and 3. Details of the attachment at the root and between

Figure 2.5. Diagram of the wing structure.
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the aft spar and mid spar were not available for this study. However, it appears that
rib 2 and 3 were reinforced for proper load transfer. To account for this fact, ribs 2
and 3 were thickened in the FEM.

The wing comprises a wingbox (made up by the spars, ribs and skin), which is
the principal load bearing element, plus a leading and trailing edge. The wingbox
has a cutout on its lower skin for the landing gear, delimited by the rib 0, rib 2 and
the mid and aft spars for the landing gear.

The wingbox skins are reinforced by integrally machined stiffeners. Not all of
them extend the entire wing span. The skin thickness is increased at each stiffener
end to avoid stress concentrations. However, for the sake of simplicity, this was not
modeled in the current study and in the model the stiffeners were ended at their
intersection with the closest rib. The stress concentrations in the simulations due to
these stiffener endings were disregarded. The spar caps were modeled as a skin of
increased thickness.

The leading and trailing edges were modeled as simple surfaces having 80% of the
thickness of the wingbox skin. This was done to appropriately transfer the whole wing
aerodynamic loads into the wingbox (which is the main load bearing element). With
this arrangement the FEM was not overstiffened and also the leading and trailing
edge skins did not present unrealistically large deformations.

Most of the ribs were only modeled from front to rear spar. The ribs between the
kink and the wing tip (5 to 16) were extended until the trailing edge to allow more

realistic load transfer to the wingbox for the case of a roll maneuver.
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The wingtip and the winglets were modeled with three internal spars: two of them
being coincident with the front and aft spars of the wing and the last one further aft.
These parts were meshed for the analysis but without intending to represent the
actual structure of the winglets. The stress values in these regions were disregarded.
The only purpose of their modeling was for transfering the aerodynamic loads to the
wingbox.

The entire geometry modeled in ANSYS® with quad SHELL 181 elements com-
prising a node at each corner, with 6 degrees of freedom at each node. Shell elements
are particularly adapted for thin-walled structures such as that of a wing because
they allow good accuracy at a low computational cost. The mesh was conformal at
every shared edge. The shell elements were given thicknesses matching the geometry
in the structural analysis report (Avions Marcel Dassault - Breguet Aviation, 1972).

The validation of the wingbox FEA model is presented in section 3.3.

Reinforcement Analysis

After validating the results and showing their mesh independence the complete ge-
ometry described in section 2.2.2 was analyzed with the different winglets. The spars
were fully clamped at the wing root. The static critical loading conditions correspond-
ing to a gust, roll maneuver and sideslip maneuver were simulated. Pressure loads
corresponding to these conditions, determined for every winglet configuration using

the VLM models, were mapped to the external wing surface in ANSYS Mechanical®.
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Inertia loads were applied as distributed forces and the stresses in the wingbox were
determined.

The Falcon 10 wingbox structure is made of aluminum A7U4SG-T651, whose me-
chanical properties were not explicitly given in the structural analysis report (Avions
Marcel Dassault - Breguet Aviation, 1972). However, it was possible to back-calculate
the stress-strain behavior from the buckling curve included in that report (Figure 2.6).
For the finite element analysis, the plastic behavior was approximated by using a mul-
tilinear isotropic stress-strain model, where the stress strain curve is approximated
by three linear portions of different tangent modulus as shown in Figure 2.6. The
tangent moduli used are given in Table 2.2. The material yield stress is 60.9 ksi (420

MPa) and its ultimate tensile strength is 68.2 ksi (470 MPa).

Table 2.2. Material mulitlinear isotropic model.

o (ksi) | B¢ (ksi) | e (-)
0 | 101526 | o0
5.0 | 7252 | 0.00571
63.8 60.9 | 0.01371
68.2 60.9 | 0.08514

The maximum and minimum principal stresses ¢; and o3 in the structure were
compared to the tensile strength of the material and the margin of safety was calcu-
lated for each winglet and load condition. At locations where the stresses exceeded

the allowable values, reinforcement was made by increasing the thickness of the skin
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Figure 2.6. ATU4SG-T651 stress-strain behavior.

panels, equivalent to adding skin doublers to the structure. The thickness required
was simply estimated using a margin of safety of 18% by

g
trequired = 1.18 x toriginal x 22 (27)
Oult

The actual stresses in the reinforced panels were then computed by FEM simulations
to verify that the principal stresses were not larger than the allowable values. The
weight increase was then calculated using the material density.

The second failure mode considered was buckling. Because of the bending loads,
the upper skin is under compression and buckling is likely to occur. In the structural

analysis report from Avions Marcel Dassault - Breguet Aviation (1972), the structure



34

was designed for two buckling modes: general buckling of the upper skin and local
buckling of the upper skin stiffeners. Significant margins of safety were found for local
buckling while global buckling appeared to be more critical. Because of this, local
buckling was ignored in this study.

The buckling curve for aluminum A7U4SG (Figure 2.7) gives critical buckling
stresses as a function of the parameter kLp, where k is an end fixity constant, L the
length of the skin panel considered (i.e. the distance between two ribs) and p the
radius of gyration of the skin panel cross section about its centroid. It is based on the
Euler buckling formula and uses the tangent modulus corresponding to every value

of the critical buckling stress o,

90
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Figure 2.7. Buckling curve A7U4SG from Avions Marcel Dassault -
Breguet Aviation (1972).
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For each upper skin panel, the radius of gyration was calculated at the panel’s
most inboard rib (where compressive stresses where higher). The critical stress value
was then determined from Figure 2.7 for every panel (i.e. at every rib location). The
values for k were those given in the structural analysis report (Avions Marcel Dassault
- Breguet Aviation, 1972). The maximum negative principal stresses were extracted
from the FEA results at each rib location and compared to the critical stresses and
reinforcement was added when |o3| > |o..|.

Whenever the buckling stress was exceeded 7 stiffeners were added. The width
of the top flange of the stiffener was fixed to provide room for fasteners. Assuming

rivets of 3/32 inches in diameter, the flange width is given by Niu (2006) as :

Emin = 2 X Driver + 0.03in = 0.2175in (2.8)

The width d of the lower flange was set as 2.5 times the height h of the stiffener
and the thickness of the stiffeners was set as 1.2 times the local thickness of the skin
(Figure 2.8).

The dimensions were determined using an iterative process shown in Figure 2.9,
using a margin of safety of 18%.

The new stiffeners were located at the midpoint between the original wingbox
stiffeners. The height of the stiffeners was kept lower than the height of the original

stiffeners, to limit their impact on the available space inside the wingbox.
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Figure 2.8. Stiffener cross section and dimensions.
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Figure 2.9. Synthetic diagram of the stiffener sizing algorithm.
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The volume of all the new stiffeners was computed and multiplied by the material
density to calculate the reinforcement weight increase and a factor of 1.5 was applied

to account for fasteners (Niu, 1999).

2.3 Winglet Performance Evaluation

The winglets performance was evaluated with respect to their overall impact on
the aircraft range, using equation 2.9, integrated numerically for a cruise at constant

altitude and Mach number.

S A4 A (2.9)

R _le C, M.a dW
Wo CD C W

Here, the initial weight is the MTOW and W, was set equal to the max zero fuel weight
(MZEW) plus the total weight added due to the winglet and reinforcement. The drag
polars used were those discussed in section 2.1.2. The specific fuel consumption ¢ was
interpolated for each weight step from tabulated data for the TFE731-2 engines,
scaled from the TFE731-1069 engine data available (Nicolai & Carichner, 2010). The
range was calculated at 35,000 ft and 40,000 ft for cruise at Mach 0.7 and Mach 0.8.

The winglet resulting in the best range was selected for a more refined analysis.
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2.4 Full Mission Analysis

To estimate the overall benefit over the baseline aircraft, a full mission analysis was
performed for both the baseline aircraft and the aircraft equipped with the selected
winglet. The mission profile used is shown in Figure 2.10.

Cruise : Constant Mach and altitude

Descent : Constant Mach
and rafe of descent

200 Nm
—— Hold 30 min

\

Destination Alternate

Climb :

Max continuous thrust
Constant Airspeed for
Optimum rate of Climb
(260 kts)

—
'

! Taxi : 10 min Idle Thrust
i Takeoff : 1 min Max Static Thrust
'

Range E Reserves

Figure 2.10. Mission profile used for overall performance evaluation.

The aircraft takes off from standard sea level at MTOW with a crew of 2 (170 1b
each) and 4 passengers (165 1b each). During taxi, the amount of fuel burned is that
equivalent to 10 minutes at idle thrust. For takeoff, the engine is set to maximum
sea level static thrust for 1 minute. The takeoff phase ends at 35 ft height and the
aircraft then climbs at maximum continuous thrust until reaching the specified cruise
altitude. Under 10,000 ft, the aircraft is in the controlled airspace and its airspeed is
limited to 250 KIAS. Above 10,000 ft, the aircraft climbs at 260 KIAS, corresponding
to the optimal rate of climb. Once the cruise Mach number is reached, it is held

constant for the end of the climb segment until the cruise altitude is reached. Cruise
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is made at a constant altitude and Mach number until the top of descent. Descent is
then made from cruise altitude down to sea level at a constant rate of descent of 3000
feet per minute. A constant Mach number of 0.8 is held (normal descent (Avions
Marcel Dassault - Breguet Aviation, 1993)) until entering the controlled airspace at
10,000 ft. The airspeed is then reduced back to 250 KIAS. The aircraft finally lands
with reserves corresponding to a climb and cruise to an alternate airport at 200 Nm,
plus 30 minutes of loiter at that airport. The reserves were read from the Falcon 10
operational instructions manual (Avions Marcel Dassault - Breguet Aviation, 1993)
and, for simplicity, this amount of fuel was used for both winglet and baseline aircraft.

The entire mission was calculated by numerical integration of the equations of
motion. For climb, the integration was carried out in 100 ft increments from 35 ft to
the cruise altitude. For descent, the integration was carried out in 100 ft increments,
backwards from sea level to cruise altitude. For cruise the stepping variable was the
fuel, spent in 20 1b decrements between the previously determined top of climb and
top of descent weights.

Thus, the ranges for the baseline aircraft and with winglets were calculated to
establish the overall change. Also, the fuel burned by both aircraft to cover a distance
of 1200 Nm was computed and the two were compared. For this calculation, both
aircraft took off with a crew of 2 and 4 passengers, with the minimum amount of fuel
required to reach the specified range, which was found iteratively. Climb and descent
were integrated as for the mission analysis and cruise was integrated by increments

of 10 Nm up to a total range of 1200 Nm and the fuel burn was calculated. Thus
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the efficiency of the winglet can either be presented as a range increase or a fuel

consumption reduction.
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3. Validation

The different calculation methods were calibrated and validated with measured data

as much as it was possible. Each one of them is explained in this section.

3.1 CFD Grid Convergence Study

An initial CFD mesh was first created for the baseline wing and a grid convergence
study was performed by changing parameters such as the far field spacing, wake
length, wall spacing, etc. All meshes were created using Pointwise®. Simulations
were run for an angle of attack of 3 degrees at Mach 0.7. The level of accuracy sought

was 107° for Cp and 10~ for C;. The results of this study are presented next.

3.1.1 Initial Mesh

A conforming hybrid mesh was created, comprising structured blocks in the vicin-
ity of the wing (later called boundary layer block) and in the wake (later called wake
block), and an unstructured block all around. This choice was made to combine the
better accuracy and faster resolution associated with a structured mesh (elements
aligned with the flow within the boundary layer and the wake, mesh orthogonality at
the wall), and the fast and easy generation of an unstructured mesh in the far field,

avoiding topology issues and unnecessary refined regions.
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First a structured 2D mesh on the wing surface from airfoil Section A to D was
generated (Figure 3.1). As suggested by Vassberg, DeHaan, and Sclafani (2003), each
airfoil section was divided into approximately 200 nodes. To allow good resolution of
the leading edge curvature and associated pressure gradients as well as flow features
at the wing base, the mesh was refined in those regions. From section A to D, the
mesh contains approximately 210 spanwise sections. Since no wing body interact<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>