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Abstract

This study investigated the influences on the aerodynamic characteristics by installing multiple winglets’ po-
sitions on aircraft wingtips like primary feathers of birds. Multiple winglets contribute to the dispersion of the
wingtip vortex and the reduction of induced drag but also help to improve lift by providing a suitable gap be-
tween the winglets. However, the previous study implemented a single installation position of multiple winglets
on the main wing; the effects of the location relationship with the main wing on aerodynamic performance
are unknown. Hence, we have conducted numerical analyses for two wing geometry patterns with three non-
planar winglets installed upwind and downwind for the wingtips. We additionally analyzed only the main wing
for comparison. This study defines the winglets’ position at the identical interval as those with the maximum
lift coefficient in the previous research. Consequently, the multiple winglets restricted the wingtip vortex; both
upwind-type and downwind-type models improved the lift-drag ratio of the main wing compared to the main
wing alone. Furthermore, the lift-drag ratio of the main wing improved with upwind-type model than downwind-
type one. But the negative pressure area on the main wing underside expanded in the spanwise direction due
to intending the shock wave, which depends on the winglets’ position. Thus, the lift-drag ratio of the whole wing
decreased compared to that of the main wing alone. Future work aims to achieve aerodynamic performance
superior to that of the single main wing by devising the airfoil shape of the main wing.

Keywords: Multiple winglets, Changing the Installation positions, Aerodynamic performance, Computational
fluid dynamics

1. Introduction

Modern aircraft have been used to transport people and loads; it needs to improve fuel consumption
to consider environmental issues dramatically. Aerodynamic drag reduction is a method to improve
fuel efficiency. The drag is divided mainly into induced drag and entropy drag. The former always
occurs at lift generation; the latter is not directly involved in lift generation. The reduction of induced
drag significantly impacts aircraft performance because it accounts for roughly 25% of the total drag
of a typical transport aircraft at cruise and about 60% at takeoff [T]. It is vital to disperse the wingtip
vortex that causes air to flow from the lower surface to the upper surface due to the pressure differ-
ence of the wing surface [?]. Installing winglets is an effective way to do that. Winglets are tiny wings
attached to the wingtips, and their shapes have been studied in various ways [3, 4, 5, B].

Whitcomb [3] conducted wind tunnel tests at subsonic speeds with the winglets attached to the
wingtips of the representative first-generation, narrow-body jet transport. He clarified that installing
the winglets reduced the induced drag by roughly 20%; increased the lift-drag ratio L/D by approxi-
mately 9%. Also, there are studies on the design of winglets using geometrical parameters such as
dihedral, twist, and sweep angles to the main wing [4, 5]. There are additional studies on split-tip
winglet shapes with another small wing attached to the lower surface of the winglets [, 7, B, 9].
Reddy et al. [7, 8] revealed that the two tiny wings of the split-tip winglet diffused the wingtip vortex
and reduced the drag by 4% compared to a single winglet.
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Studies focusing on biomimicry have been conducted to improve the winglet performance further
than the current winglets. Bird wings have multiple primary feathers, which form slits at the wingtip.
It has been discovered that these slits allow each feather to stir independently, disperse the wingtip
vortices and reduce the induced drag [10]. Thus, recent research has considered a geometry that
mimics the characteristics of the birds’ wingtips by placing multiple winglets in the chord direction on
an aircraft’s main wing [0, 12, 13, 14, 15]. These are called multi-winglets.

Smith et al. [17] carried out wind tunnel experiments with five planar winglets, five of each with a
different angle of attack and dihedral angle to the main wing. It demonstrated that the vortex was
dispersed into five vortices, the blowdown on the entire wing reduced, and the L/D increased up to
30% compared to the main wing alone. It likewise indicated that the active control of each winglet’s
angle of attack and dihedral angle could substitute for ailerons and relieve the impacts of wind gusts
on the aircraft’s stability [T2]. Other studies have examined the effects of applying twist and sweep
angles to multiple winglets [14] and adding more winglets to suppress wingtip vortices [18].

The fact that winglets also play a role in increasing lift is one of the adequate design strategies
for commercial aircraft that would like to grow their operational efficiency as much as possible. The
abilities of multi-winglets are not limited to the decrease in induced drag and improved stability. Lynch
et al. [15] focused on the gaps between the winglets because raptors have slits between the primary
feathers for a higher lift. They elucidated that the lift rises by setting a suitable gap width between the
three winglets. This study also compared planar and non-planar winglets; the non-planar winglets
diminished the induced drag more and clarified the effect of the gap width on the lift regardless of the
winglet planarity.

The difference in the winglets’ place in the upwind and downwind directions must ameliorate the
correlation with the difference in the phenomenon of the wing chord direction, which must improve the
aerodynamic performance. However, previous studies have focused on verifying the effectiveness of
multi-winglets and have not yet examined the effect of winglets’ position on the main wing. This study
scrutinizes the impact of the multi-winglets’ location relative to the main wing on the aerodynamic
performance by comparing two cases: one installed at the very front and the other at the very rear.
We would perform numerical simulations for configurations with three non-planar winglets installed
at the upwind and downwind place of the main wing. The gap between the winglets is fixed at the
gap size where the experiment of Lynch et al. [T5] accomplished the maximum lift coefficient. Note
that we would prepare a reference single-wing model (no winglets) as a comparison. In addition,
this study aims not to mount the wing under verification on a pragmatic aircraft but to investigate the
influences by changing multi-winglets positions; to assure the feasibility of multi-winglets. Hence, as
the first step, we defined the main wing as a simple rectangular one.

This paper is organized as follows. Section 2 describes the numerical method, the wing numeri-
cal models, and the computational meshes. Section 3 discusses the differences in aerodynamic
performance and their physical mechanisms from the analysis results obtained. Finally, section 4
summarizes the conclusions and prospects.

2. Problem definition
2.1 Configuration

The model geometry consists of the main wing and three non-planar winglets, as shown in Fig. . ¢,
and b, represent the main wing’s chord length and semi-span length, respectively red; ¢; and b, are
the winglets’ chord length and span length. The first, second, and third winglets are designated from
the upwind side. OpenVSP [17] creates the geometry based on the wing used in [15]. However, since
different Mach numbers M and Reynolds numbers Re are adopted as flight conditions, we modified
the actual dimensions for the study. The present study decides the main wing and the winglets as
follows:

* main wing
It is defined as an untwisted rectangular airfoil with a cross-section of NACA0012. This study
uses an airfoil without a camber because we focus only on the positional relationship between
the multi-winglets and the main wing in the chord direction. We additionally round the wingtip
to subdue the wingtip vortex. The chord length ¢, is 7.500 m; the span length b, is 15.625 m.
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(a) Overview (b) Topview

Figure 1 — Configuration of the computational model.

b,

Figure 2 — Multi-winglets with non-planar geometry.

» winglets
The main wing is designed with a non-planar geometry, as shown in Fig. B, referring to [15]. As
with the main wing, the NACA0012 airfoil shape is used for all three winglets, bent one part,
respectively. The chord length ¢, is 1.250 m, the span length b, is 3.750 m, and the height 4 is
defined by Eq. (i) [15].
h= (by+b;) x0.075 (1)

The winglets are lined up so that the camber lines of the winglets and the main wings overlap.
The gap between the winglets is fixed at 10% of ¢;, which obtained the maximum lift coefficient
C, in [15]. The deflection angles to the main wings are all unified at 0°. We also round their
wingtips as well as the main wing’s wingtip.

The position of the three winglets to the main wing is simplified by defining just two patterns: the
upwind- and the downwind-type winglets. The upwind-type aligns the leading edge of the first winglet
with that of the main wing. The downwind-type places the third winglet 0.050 m forward of the
main wing’s trailing edge because the third winglet connects smoothly near the trailing edge of the
main wing. Figure B shows the position of the first three winglets in the chord direction for each
configuration (the main wing’s leading edge corresponds with 0%; its trailing edge is 100%). Note that
we analyze all configurations using half-cut models because crosswind conditions are not considered.

2.2 Mesh generations

We used MEGG3D (Multi-Element Grid Generation) [18, 19, PO, P1, P2, P3, P4, P, P8, P/, 28], a
software for automatically generating unstructured mesh. The computational space is a hemisphere
with a radius of 15 times ¢,. We apply prismatic layers in the vicinity of the object to grasp the
boundary layer flow on the model surface. The maximum number of the prismatic layers is 40, the
thickness of the first layer is (100v/Re) ™!, and the stretching factor is set to 1.2 to ensure the resolution
of the boundary layer. Table @ compiles the number of mesh points for the present models’ surfaces
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Figure 3 — Position of the multi-winglets relative to the main wing.

Table 1 — Number of mesh points for the whole model surface and computational space.

model name  model surface (million) computational space (million)

single-wing 0.36 15.7
upwind-type 0.52 22.6
downwind-type 0.53 22.8

and volumes for the single-wing, upwind-type, and downwind-type models. Preliminary numerical
experiments analyzed the upwind-type model with three mesh densities (coarse, fine, and super-fine
meshes). Since the Cp convergence difference was within 0.1 cts, we generated a computational
mesh for all the present configurations with a mesh density comparable to the fine mesh.

2.3 Flow solver

We use compressible flow solver FaSTAR [29] developed by Japan Aerospace Exploration Agency.
It solves the 3D Reynolds-averaged Navier-Stokes equations by an unstructured MUSCL-type cell-
vertex finite volume method with Hishida’s differentiable slope limiter for keeping second-order spatial
accuracy. FaSTAR uses schemes: the Harten-Lax-van Leer-Einfeldt-Wada method [30] for numerical
flux computations; the lower-upper symmetric-Gauss-Seidel [37] implicit scheme for time integration.
This study adopts the Shear Stress Transport two-equation turbulence model [32]. Computations run
on the cluster constructed of five nodes; one is with Intel Xeon E5-2660 2.2 GHz 16 core and 64 GB
memory. It takes roughly 40 hours for one case at least.

2.4 Computational conditions

Since this study assumes the cruising condition of a commercial aircraft, the angle of attack is set to
3". We specified M to 0.85 and C,-based Re to 5.0 x 10° based on the conditions for NASA Common
Research Model [33].

3. Results and discussion

This section clarifies the effect of the multiple winglets’ attachment position by comparing the C,
Cp, and L/D in Fig. 8. The results decompose the C;, and Cp of the upwind-type and downwind-type
models into each element: the main wing, the first, second, and third winglets. Figure &d also displays
the L/D for each component. We would examine each aerodynamic performance. Figure @ reveals
the following points:
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Figure 4 — Comparison of aerodynamic performance.

(1) The upwind-type model outperforms the downwind-type one in C., Cp, and L/D of the main
wing and the whole wing. The flow field is habitually computed under the identical condition
described in subsection 2.4.

(2) The second winglet in the upwind-type model has the lowest C; among the three winglets; the
first winglet in the downwind-type one has also the lowest C;, among the three winglets.

(3) Both the upwind-type and downwind-type models reduce the Cp of the main wing and improve
the L/D of the main wing compared to the single-wing one.

(4) Both the upwind-type and downwind-type models decline L/D of the whole wing compared to
the single-wing one.

Since (1) and (2) are influenced by the position of the multi-winglets, we will discuss them separately
in the following two subsections on the upwind-type and downwind-type models below. Moreover,
we divide them into two subsubsections focusing on the main wing and the multi-winglets. (3) and
(4) are independent of the position of the multi-winglets and are the consequence of attaching them.
Thus, in discussing the main-wing performance in the subsubsection of the upwind-type model, we
compare it with the single-wing model without the multi-winglets; we debate (3) and (4) to reveal the
influences of the presence/absence of the multi-winglets.

Figures B and B are used for the following discussion. Figure B visualizes the surface pressure
coefficient C, distribution to elucidate how the C; varies in the main wing and multi-winglets. Figure
B shows the C, distribution in the y-z cross-section at 80% of the chordwise to investigate the multi-
winglets’ degree of wingtip vortex suppression.
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Figure 5 — Comparison of C, distribution near the wingtip (left: lower surface, right: upper surface).

3.1 Upwind-type model

The aerodynamic effects of the multi-winglets attachment can be classified into those on the main
wing and the multi-winglets. Accordingly, we will divide the discussion into the main wing and the
multi-winglets subsubsections.

3.1.1 Main wing

» C,: Figure B3 shows that the C; of the upwind-type model is 1.2% lower than that of the single-
wing model. To investigate the cause of this decrease, we would observe the pressure distribu-
tion on the model’s surface.

Figure Ba indicates the C, distribution on the upper and lower surfaces of the single-wing model.
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(a) single-wing model

(b) upwind-type model

(c) downwind-type model

Figure 6 — C, distribution on the 80% chordwise cross section.

From this figure, we can see that the pressure gradually recovers toward the wingtip. On the
other hand, in the C, distribution on the lower surface of the upwind-type model shown in Fig. bB,
the shock wave is split into two waves outside the 62% spanwise position of the main wing; each
wave extends to the first and second winglets. In brief, the coupling of the shock waves gener-
ated by the main wing and the multi-winglets, respectively, locally prevents pressure recovery
near the wing tip on the underside of the main wing.

In contrast, observing the pressure distribution on the top surface, Fig. BA reveals that the shock
waves on the main wing of the upwind-type model are separated at the 77% and 89% spanwise
locations. In other words, on the upper surface of the main wing of the upwind-type model, the
shock waves generated on the upper surfaces of the first, second, and third winglets merge
with those rendered by the main wing. In the single-wing model, the negative pressure region
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extends to the wingtip. However, the upwind-type model causes a high-pressure zone around
the wingtip (gaps between each winglet) on the main wing surface. In particular, the intensity
of the shock wave induced on the main wing top surface from the first winglet is vigorous; the
pressure recovery behind the shock wave is one of the factors that cause the C;, to decline.

» Cp: Figure BO is a graph of the integrated Cp values for each configuration. The upwind-
type and downwind-type models have higher Cp due to the multi-winglets than the single-wing
model. However, the Cp of the main wing panel alone tends to be lower than is the case without
multi-winglets. In this subsection, we contrast the upwind-type and the single-wing models to
examine the cause of the difference in the Cp value generated by the main wing.

Figure B1 indicates that the main-wing’s Cp value of the upwind-type model is 5.3% smaller than
that of the single-wing model. Since the winglet plays a role in the wingtip vortex suppression ef-
fect, Fig. B depicts the flow structure near the wingtip. In the single-wing model shown in Fig. B3,
a negative pressure region appears near the wingtip, suggesting the growth of wingtip vortices.
In contrast, in Fig. BB, which shows the identical cross-section in the upwind-type model, there
is no pressure drop; the formation of wingtip vortices is suppressed. This distinction must be
one of the factors that cause the difference in Cp values.

To investigate the mechanism by which the multi-winglets delay the generation of wingtip vor-
tices, streamlines near the wingtip are depicted in Fig. [@. Figure [Z3 illustrates streamlines in the
single-wing model, which flow along the wingtip wall toward the rear and into the main wing’s
upper surface due to the 3° angle of attack. In contrast, in Fig. [Z8, which depicts the stream-
lines in the upwind-type model, the multi-winglets similarly obstruct the flow to the wing’s upper
surface as a result, reducing the flux over the main wing’s upper surface stunts the wingtip
vortex.

However, the entropy drag must grow due to inflated volume if winglets are installed over the
entire area from the leading edge to the trailing edge. Thus, we should consider the relationship
between induced and entropy drags, which reduces the total Cp value the most. There should
be an appropriate position to install multi-winglets that balance induced and entropy drags to
diminish the total Cp value.

3.1.2 Multi-winglets
We would examine the influence of each winglet on C; and Cp in the upwind-type model. Figures &3
and B8 indicate the winglets that minimize/maximize C; and Cp are as follows:

. C

— max: third winglet
— min: second winglet

.CD

— max: second winglet
— min: third winglet

The results reveal that the second winglet deteriorates both C;, and Cp. It is one of the reasons
for the lower L/D of the whole wing in the upwind-type model than that in the single-wing model.
Figure BA shows that the shock-wave location on the underside of the second winglet is closer to
the trailing edge than the other winglets; the negative pressure region is wider than the two different
winglets. The possible reasons for this are two: (i) the shock wave on the second winglet’'s lower
surface slid rearward due to the close distance to that of the main wing; (ii) the shock wave position
moved rearward due to the increased flow rate on the underside of the second winglet provoked by
the presence of the first winglet.

On the other hand, the shock wave on the upper surface of the second winglet is more forward and
wavy than that of the first winglet (this tendency is even more pronounced for the third winglet). We
ascribe it to the structure that the flow around the second winglet is disturbed by the first winglet
and does not form a uniform flow (the effect is even more intensive for the third winglet because the
flow is further disturbed). In other words, for effective utilization of the winglets after the second, it is

8
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(c) downwind-type model

Figure 7 — Comparison of streamline around the wingtip between the single-wing, the upwind-type,
and the downwind-type models (left: bird’s eye view, right: side view).

essential to rectify the flow around them. Thus, we need to optimize the positional relationship of the
attachment between each winglet.

3.2 Downwind-type model

This subsection discusses the downwind-type model following the argument of the upwind-type model
in the previous subsection.

3.2.1 Main wing

» C;: Figure B3, which compares the C;, of the different models, demonstrates that the C; of the

downwind-type model is 0.7% lower than that of the upwind-type one. We would examine the
cause of the decrease from the surface C, distribution shown in Fig. 6d: On the underneath of
the main wing in the downwind-type model, the shock wave induced by the wing extends and
is connected with the shock wave rendered by the first winglet. Compared to the single-wing
model, the downwind-type model has lower pressure near the wingtip where the first winglet is
attached. However, the pressure drop range is narrower than in the upwind-type model.
On the top surface, as on the bottom surface, only the shock wave by the first winglet is merged
with the shock wave caused by the main wing. However, on the main wing top surface in the
upwind-type model, the negative C, region is broader than that of the downwind-type model
because the shock waves generated by all winglets have combined with those of the main
wing. These differences are the factors that produce the difference in Cy.
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In the case of the downwind-type model, the first winglet is located aft of the main wing’s leading
edge, which causes a stagnation point in the uniform flow impinging on the first winglet. A high-
pressure region is consequently formed near the first winglet on both the upper and lower
surfaces of the main wing. It must be one of the causes for the lower C; compared to the single-
wing model. The first winglet should be located near the very front of the main wing to avoid
this phenomenon.

* Cp: Figure BR shows that the main-wing Cp in the downwind-type model grows by 2.1% com-

pared to that in the upwind-type model. Figures BG and B4 display that no negative C, region
arises in the upwind-type model due to the wingtip vortex at the 80% chordwise position. By
contrast, a wingtip vortex has already formed over the main wing at the identical location for
the downwind-type model. Hence, there is a difference in the degree of wingtip vortex suppres-
sion depending on the position of the multi-winglets. Furthermore, the Cp value of the whole
wing is also higher for the downwind-type model than for the upwind-type one. Considering
that vortices are likewise caused at the multi-winglet tips, the sum of the vorticity produced at
both the main-wing and the multi-winglet tips should be less for the upwind-type model than the
downwind-type one.
Figure [Zg, which visualizes the streamlines around the wingtip in the downwind-type model, is
used to discuss this physical mechanism. Although the first winglet divides the streamlines, the
flow rate at the underside of the winglet is less than in the upwind-type model. We ascribe it to
the flow winding up between the main-wing leading edge and the first winglet. Compared to the
single-wing model, the three winglets prevent the flow from winding up in the downwind-type
model. However, the flow ahead of the first winglet has already rolled up, forming a wingtip
vortex. In conclusion, the appropriate strategy is to inhibit the wingtip vortex core, which grows
downstream from near the leading edge of the main wing, at an early stage.

3.2.2 Multi-winglets

Finally, we examine the role of each winglet in the downwind-type model. The contributions of the
winglets to the C; and Cp values can be summarized as follows:

. C

— max: second winglet
— min: first winglet

. Cp

— max: first winglet
— min: third winglet

This result reveals that the first winglet deteriorates both C; and Cp, which is the main reason for the
lower L/D of the downwind-type model. The shock wave is located rearward on the bottom of the first
winglet due to mutual interference with the shock wave by the main wing shown in Fig. Bd. Therefore,
the underside C, decreases over almost the entire area, and a positive C; cannot be generated.

In the case of the upper surface, the first winglet lies rearward of the leading edge of the main wing;
it is subjected to flow turbulence around the wingtip so that the area around the winglet root does not
function as a wing. The lower surfaces after the second winglet are not affected by the wing shock
wave and retain a higher pressure than the upwind-type model. On the upper surface, however, the
growth of wingtip vortices and turbulence in the wake of the first winglet hinder the function of the
winglets, resulting in a lower C;.

Thus, the first winglet should be placed near the leading edge of the main wing; the first-winglet airfoil
shape should be designed to straighten its wake. After the second winglet, the slits between the
winglets should be arranged to accelerate the flow from the lower to the upper surface while avoiding
interference with the main-wing shock wave.
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3.3 Future studies

Intuitive design strategies to improve L/D of multi-winglets configurations are to raise C; and diminish
Cp of the main wing and multi-winglets. This paper, which aims to prove the efficacy of the multi-
winglets concept in ameliorating L/D over a single-wing model, has resulted in several findings that
will enhance overall wing performance. Based on these, the usefulness of each of the above design
strategies can be discussed as follows:

(1) To grow the main-wing C, which lowers by the multiple winglets:
This redesign effectively improves the L/D because the main-wing C;, reduction is the largest.
In the case of upwind-type configurations, the main-wing C; reduction is caused by the shock
waves extending from each winglet, so it is desirable to design a winglets geometry that relieves
the shock-wave generations on the winglets.

(2) To raise C; from the multi-winglets:
It is expected that the L/D in each winglet can be independently enhanced by optimally design-
ing the geometries of each winglet, defined as a 3D shape with neither twist nor sweep angle,
using the NACA0012 symmetric airfoil model in the present study. However, the contribution of
the multi-winglets L/D to the overall L/D is smaller than that of the main wing. Thus, the effect
must be slight.
On the other hand, it is skeptical that the gap between winglets is productive enough to reduce
the pressure on the top surface of the winglets by accelerating the flow; optimization of the
winglet configuration is anticipated to be a helpful design strategy.

(3) To trim the main-wing Cp by the multi-winglets:
It is conceivable to augment the wingtip vortex suppression effect of the main wings from the
current state by extending the chord length of each winglet and attaching them from the leading
edge to the trailing edge of the wingtip. This method can prevent flow roll-up and diminish
induced drag, but it cannot be a practical design measure because it simultaneously grows the
entropy drag. Nonetheless, this is a relevant comparison case; multi-winglets anticipate to be
better than a simple extension of the original main wing, which must undoubtedly be beneficial.

(4) To reduce Cp in the multi-winglets:
Lowering the volume of each winglet can decline the entropy drag. However, this decrease
grows the induced drag of the main wing, so there is a tradeoff with the design strategy in (3);
an optimal design that minimizes the total Cp is essential.

4. Conclusions

This study has investigated the effects of changing the installation position of multiple winglets on
the aerodynamic performance of multi-winglet configurations; we compared the aerodynamic perfor-
mance of three winglets installed upwind and downwind with that of a single wing. As a result, it was
found that the upwind-type model improved the aerodynamic performance of the main wing more
than the downwind-type one. We attribute it to the mechanism that the winglets at the upwind place
of the main wing restrict the flow from the lower surface to the upper surface of the wing at an early
stage and reduce the wingtip vortices over the main wing. However, the multi-winglets themselves
diminish the lift-drag ratio of the whole wing. This mechanism is that the position of the winglets to the
main wing extends the shock waves generated by the main wing and expands the negative pressure
area of the winglets, especially on the lower surface.
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