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Numerical Investigation of Blended
Winglet Effects on.Wing Performances

Since decades fuel never stops rising. Civil
aviation market is very sensitive for profitability.
Several ways are possible to reduce aircraft
fuel consumption. Omne of them is the wingtip
LAMBERT Dimitri device. Winglet has been proven. But there
is still one big challenge: to simulate the aero-
dynamics around it. Different types of winglet
are modelled in the present work: the simple
winglet, the blended winglet and the shifted
downstream winglet. The blended winglet is the
most fitted to the wingtip to prevent auxiliary
vortex to be born at the junction.

Although there exist different analytical
models to solve the flow around a 3D-wing,
February 4 - June 3. 2008 none of them can include wingtip device effects.

4 This investigation is then lead numerically.
Two models are built according to a thickness
difference.

Project period

Printing
Winglet brings effectively higher performances
8 regarding lift and drag. Pressure gradients
around the wing are well preserved until the
wingtip, keeping the wing operational on its

Number of pages whole span. They prevent vortex and then
allow the fluid flow to stay quite homogenous
98 and unchanged at the wintip. But if the angle

of the winglet is too sharp, an auxiliary vortex
could be created. Thanks to wingtip devices the
vortex lets feel weaker along the span because
it is generally displaced to the winglet tip.

Models built are two extreme cases about
winglet geometry but could give a first general
Supervisor idea on how winglets influence the general

mse ndahl aerodynamics around the wing.
IET, Aalborg University




Quality Analysis APPENDIX B. MODELING PROCEDURE
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Figure B.6: Left: Smallest area regions (from 0m? to 0.02m?) - Right: largest areas region (from 0.3 m? to 2m?)

of winglet is to lower induced drag. Largest elements are, in a certain way, the opposite of
smallest ones. Left side of figure B.6 underlines that the four corners are less refined as well
as places before the wing, where it is less important to have accurate solutions.

Aspect Ratio:

Several definitions of the aspect ratio (AR) are established. According to quadrilateral and
hexahedral elements, the definition (B.1) is given.

mazxle, g, ..., €]

Qar = (B.1)

minfey, s, ..., €]

where e; is the average length in the direction i as shown on the figure B.7. n is the number
of different directions associated with this element.
The aspect ratio gives an absolute value of the ratio between sides while the stretch criterion
gives a relative value (please refer to the next criterion).

@
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Figure B.7: Example of calculation of the aspect ratio

A perfect equilateral element has a Qar = 1. According to [12], the AR in regions of
interest should be at maximum of [20 — 100]. Figure B.8 shows aspect ratios from 0 to 20
which leads to a quite good quality.
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Figure B.8: Aspect ratio (from 0 to 20): Left: general view - Right: Zoom onto the wing

The left side of this figure confirms that the aspect ratio is rather good in regions of in-
terest (< than 20), except the few cells simulating the boundary layers at the wing surface
as one can see in red on right side of the figure. Red zones are cells having aspect ratio up
to 100. The last four cells in this red part have a value between 100 and 400 for the very last one.

400 seems to be very large. Indeed it is large according to quality criterions given by [12].
But it is a kind of compromise between refined mesh at the wing and not much node in the
whole domain. Only 5.85% of elements have values between 400 and 30000, which is the max-
imum aspect ratio value in the 2D domain.

Stretch:

The stretch criterion is defined thanks to the formula (B.2).

Kmin(sy, s2, ..., Sp)
=1 B.2
@ \/ max(dy, ds, ..., dy) (B.2)

where d; and s; are the lengths of the diagonal ¢ and the edge of element j, respectively. n
and m are the total number of diagonals and edges. For quadrilateral elements, n =2, m =4
and K = 2. For hexahedral elements, n =4, m = 12 and K = 3.

While the aspect ratio gives values for the ratio between edges, stretch gives a kind of rel-
ative value: from 0 to 1. With this unity based criterion, it is easy to know in an relative
way if elements are good between each other, even though it gives the same " quality window"
as the aspect ratio. By definition (B.2), 0 < @, < 1. When @, = 0, it describes equilateral
elements (perfect) and when @, = 1, it stands for completely degenerated (poorly shaped)
elements.

One can understand stretch criterion as the regularity of elements. If it equals to zero then
elements are very regular, or as much as it tends to one, elements are very unregular and poorly
shaped.

Due to the high density of elements, a large quantity (nearly 50 %) of elements are poorly
shaped with high stretch values. Even if elements have quite good aspect ratios, they can have
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Figure B.9: stretch repartition and its legend

large stretch numbers due to their unregularities. The average value is 0.8563. This is very
high, but fortunately good values are kept near regions of interest like in the near-wing regions
and in the beginning of the trailing wake (figure B.9). It is a kind of compromise. Every
criterions could not be very good together.

EquiAngle Skew:

The EquiAngle Skew (or EAS) indicates the skewness of elements. This is calculated by
(B.3).

Omaz — Oeq Omin — 0
max eq Ymin eq } (B3)

Qpas = mar{ g5 4

where Opmar and O, are mazimum and minimum angles (in °) between edges and the
elements. 0., is the characteristic angle corresponding to an equilateral cell. In the case of
triangular or tetrahedral elements, 0., = 60° and for quadrilateral or hexahedral ones, 0., = 90°.

By (B.3), 0 < Qgas < 1, where Qgas = 0 stands for an equilateral elements and Qgas = 1 for
a completely degerated (poorly shaped) element. One can find in table B.10 general guidelines
for values of EAS (from [12]).

l QEAs [ Quality |

Qras =0 Perfect

0<QEras <0.25 Excellent

0.25 < Qpas <05 Good

0.5 < Qrpas <0.75 Fair

0.75 < Qgras < 0.9 Poor

09<Qrpas <1.0 Very Poor
Qpas =1.0 Degenerated

Figure B.10: Quality scale with the EAS [12] Figure B.11: Worst elements (EAS of 0.37)

For high quality 2D mesh, [12] advises to have an average EAS of 0.1, namely all elements
should be ezcellent according to table B.10. In the 2D mesh, 82.5% of elements have EAS be-
tween 0 and 0.1, meaning that the average EAS is well below 0.1. Worst elements are situated
at the stagnation point of the wing with an EAS of 0.37, which is very good for "worst" ones.
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They are depicted on figure B.11.

B.4.2 2D elements in the 2D-wing-in-3D-environment Model

The quality of the mesh in this second model is briefly presented. Recall that the second model
is only performed to confirm /reinforce effects the winglet with a higher angle of winglet. This
model contains less elements than the Full-3D one. For this model, the third dimension is dif-
ferent than the one from the other model. It is why each case of winglet is studied separately.
Figure B.12 depicts all four cases in this model and their mesh.

]

'“ﬁ

Figure B.12: The four cases in the second model: Without, Simple, Blended and Shifted downstream winglet (from left to
right)

One can see the wing and winglet (if the case) in black. This illustrates the fact observed
in table B.1 and on figure B.5: one needs more elements to modelize the blended winglet. Only
two main criterions are quickly analysed. These are the Aspect Ratio (AR) and the EquiAngle
Skew (EAS). They can give a picture of lengths ratio and a kind of regularity of elements. The
area criterion is deductible from figure B.12.

Aspect Ratio:

The Aspect Ratio (AR) criterion gives a value more representative, in an absolute way, of
the quality of elements. One can find on figure B.13 the stretch criterions depicted for all four
cases of this model.

Figure B.13: Sstretch criterions for all four cases: Without, Simple, Blended and Shifted downstream winglet (from left to
right)

The AR is rather good in each case. Indeed for everyone, about 60 % (except for the blended
case where it goes up to more than 75 %) of elements have an AR less than 100 which is the
maximum recommanded value by [12]. However, near-wing regions get, for all cases, AR up
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to 2000. This is high but comes from a compromise between size and accuracy. Although, as
shown on figure B.13, the stretch criterions is not optimal. This is because stretch criterion is
a kind of comparison between all elements. Then regios of interest are not optimal compared
to other regions. Please note that yellow parts are mesh concentrations. Nothing to do with
colors code. In conclusion, the AR is rather good even if the repartition of good elements is
not optimal (stretch).

EquiAngle Skew:

The EquiAngle Skew has a very acceptable range. In the case without any winglet, all el-
ements are perfect, namely an Qg4 = 0. For others, the highest average value of EAS is
0.1062 while the recommanded average value by [12]| is 0.1. According to that, meshes are
very high quality. Worst elements are generally good (£0.3) except in the blended case where
the worst ones reach 0.96! They are situated near winglet. One can find on figure B.14 worst
elements for all three cases (since all elements are perfect for the case without winglet).

Figure B.14: worst EAS regions for these three cases: Simple, Blended and Shifted downstream winglet (from left to right)

Generally they are situated near the winglet itself. This is however one of crucial places.

B.4.3 Conclusions on 2D elements:

Full-3D Model:

The 2D mesh quality analysis is performed since the whole 3D mesh is generated from this 2D
domain. So it is important to have a rather good quality mesh before building the 3D one.
If the 2D discretization is well made, then the 3D one depends only on the third dimension
discretization. Thanks to the four criterions used in the analysis, some conclusions can be
underlined.

The area criterion confirms places where mesh is more refined. These places are indeed regions
of interest, namely the near-wing regions and trailing wake (figure B.6). The four corners and
areas before the wing are not relevant in this investigation.

The aspect ratio and stretch criterion give informations on lengths and regularity of elements.
Aspects ratio works with lengths ratio. All regions of interest are kept in acceptable range
(maximum of 100), except for the four last cells at the wing boundary. They go up to 400 for
the very last one (figure B.8). This is quite large but it comes from a kind of compromise.
The stretch criterion evaluates the regularity of each element. This criterion is not the best re-
spected. Indeed the average value is 0.8563 and nearly 50 % (43 % on figure B.2) stand beyond
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a value of 0.9. But fortunately regions of interest (near-wing and the beginning the trailing
wake) get reasonable values between 0 and 0.5.

Finally the EquiAngle Skew measures a kind a regularity as well. This criterions is the most
respected in the 2D mesh. Indeed more than 82 % stand below 0.1 which is the recommanded
average value by [12] for a high quality mesh.

The 2D mesh is globaly well created. Except for the stretch criterion which is, in average
but not localy, too high. Every other stay in very acceptable ranges to get a good quality

mesh.

2D-wing-in-3D-environment Model:

The purpose of this model is rather for confirming or reinforcing trends than for getting accu-
rate results. But a good starting 2D mesh is even essential than in the previous model.

Aspect ratios are acceptable in average, although they are a slightly too high in last cells
near the wing (up to 2000). It is a pity that good shaped elements are not optimally allocated
(Stretch).

The EquiAngle Skew is very very good, except for a few elements near the blended winglet.
Otherwise, the average values tell that meshes are good to exzcellent, according to [12].

B.4.4 3D elements in the Full-3D Model

The 3D mesh is generated from the 2D mesh analysed just above. Following the case, mesh
features stay the same or not. The analysis is divided in two part: the case without winglet
and the case with it.

Case without winglet:

Since for this case, the 2D mesh is simply extracted in the third dimension, without any
changes in direction (no winglet). Then changes in the quality come only from the extraction.
Indeed, figure B.15 shows the elements with highest AR. They lie in a thin layers in the trailing
wake. Already in the 2D, highest AR elements were in this region, although this time, values
are greater than 11000! This is tremendous but once again comes from a kind of compromise:
accuracy at boundary layers and size of the problem. Fortunately scales of vortices are such
that this thin layer should appear nearly inuviscid for them and it lies not totally next to the
wing, but a few chords further. Accuracy of the vortices calculations should be affected in a
minute way.

The third dimension has 36 divisions. This compromise is also seen on figure B.16 where
one can see more refined parts where stretch criterion is not really optimal. Effectively, at these
regions of interest, density of nodes is higher to increase accuracy but by care of memories,
one can not increase density in all dimensions. It is why stretch criterion is so. The EquiAngle
Skew (EAS) is pretty good. The average value is 0.025 which is an excellent mesh according
to [12|. Elements with higher EAS (up to 0.82) are situated on right hand (from front view)
of the wingtip . Any of those elements are in the trailing edge where vortices are developped
(figure B.17). Please note that this space with that kind of mesh is also present in winglet cases.
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Figure B.15: AR greater than 11000 Figure B.16: Stretch in [0.96 — 1]

Figure B.17: Stretch in [0.96 — 1]

Cases with winglet:

Meshes in cases with winglet have exactly the same quality as the mesh without, except for
the EquiAngle Skew. Most elements (more than 50 %) have an aspect ratio smaller than 100.
It still exists a layer with relatively high AR in the far trailing wake.

Stretch criterion also still indicates the higher nodes density in crucial places for calculations.
EAS is different in only one place: the winglet. Indeed, meshes are exactly the same except
around the winglet and in its trailing wake. Since the whole 2D domain is cooped along the
third dimension path, elements with non-optimal EAS are placed on the whole length of the
3D domain as shown on figure B.18. Values at these places are between [0.6 — 0.7] as one can
see on figure B.19 where distributions of the EAS are depicted for each cases. For both cases
with winglet (simple and blended), there is a new peak between 0.6 and 0.7 which corresponds
to elements shown on figure B.18.

B.4.5 3D elements in the 2D-wing-in-3D-environment Model

Since this model is built from the complete 2D geometry, the mesh quality in three dimensions
is exactly the same as the one in 2D. Indeed the whole wing and winglet are built in 2D
then extended in 3D. Then the 2D mesh doesn’t meet any curved path and then does not
complicate the mesh structure. It is why every conclusions made in the 2D mesh for this
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0.12.345.6.7.8.91.0
N N I

Fi B . . . Figure B.19: EAS distribution for the case withtout
igure 18: EAS of [0.6 — 0.7] for the simple winglet winglet, simple and blended winglet (from top to bottom)

model are completely valid for the 3D mesh. The third dimension discretization doesn’t affect
the quality.

B.4.6 Conclusions on 3D elements

Full-3D Model:

One can distinguish the case with winglet and the case without. They are different from
the partial curved path. In the case without, it is a straight line, otherwise it is curved at the
level of winglet. This curve leads to some modifications in features of meshes and especially in
quality.

Without winglet, the aspect ratio (AR) reaches very high values but only in the far trailing
wake. Otherwise, it stays at an acceptable range according to [12]| (at about 100 in average).
Even if it stays quite low, regions of interest are not optimally deserved by elements with high
AR (stretch criterion). EquiAngle Skew (EAS) is very good with an average value of 0.025.
Like in the 2D mesh, it should be 0 (perfect elements). But an additional mesh, other than the
2D extracted mesh, is created. It is the mesh after the wingtip along the thrid dimension path.
It is filled by quadrilateral elements with poorer quality ([0.96—1]). Fortunately those elements
are not present in the trailing wake where accurate solutions are needed since this investigation
studies induced drag by wingtip vortices which develop mainly after the wing (figure B.17).
This space is also present in cases with winglet (after the winglet thus).

With winglet, AR and stretch criterions examinated in the case without winglet are still cor-
rect. Only the EAS gets changes due to the curved path in the third dimension. At the winglet
position on the extracting path, elements have non optimal values as shown on figure B.18.
This is confirmed by the comparison between EAS values distribution of cases of figure B.19.
A new peak appears in the case with winglet. This is the winglet region. Range of these
values is [0.6 — 0.7], which is fair according to [12]. One should take this as a compromise once
again, because keep in mind that average EAS for each case is below 0.4 which is the maximum
recommended value for high quality mesh in 3D.

Meshes are rather good. They have kept main characteristics of the 2D mesh, except around
winglet regions (when the case) where EAS is poorer and spaces after the wing tip (or winglet
tip) where EAS is bad. Fortunately this should not affect calculations in a large way.
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2D-wing-in-3D-environment Model:

Meshes characteristics are in this model the same as in the 2D analysis since the extracting
path is only a straight line.
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Appendix C

Data extraction

When willing diplaying evolutions of a given parameter along given cross section, one has two
possibilities. The first one is to display in a colorful map what happens in the given cross
section. The second one is to extract data from Fluent simulations, to work on them and to
plot them in a smart way to illustrate properly the given fact. Obviously the second one is
more "speaking" and accurate. But it is not always possible to use that one because Fluent
itself is limited. So in this particular case, colorful display are used.

Sections below present why data extraction is not always so accurate as expected.

C.1 Along the wingspan

To be able to get data from Fluent at specific cross section, one had to create a straight line.
Indeed, Fluent allows to create a real cross section plane, but in this case one gets, in addition
to data for the wing, data for the whole domain upwards and downwards the wing. Those
data are totally useless since one wishes to analyze what occurs on the wing. Then graphs are
pretty unreadable. In case without winglet, simple or shifted downstream, there is no problem
since every winglet evolution is straight. But in the case of blended winglet, one can not fit
perfectly with the winglet with straight line. One has to divide the curve line into straight
lines. So due to this lack of precision in Fluent, a big assumption is done.

Fluent allows only to enter starting and ending point coordinate. It is very time consum-
ming. So figure C.1 illustrates what was done in the case with blended winglet.

Figure C.1: Nonfitted path in case of blended winglet to measure pressure distribution

So at the beginning of the winglet, data does not fit really with the one undergone by the
winglet itself. For example it is why one can observe a kind of bumb in pressure distribution
in the case with blended winglet.
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Along the chord APPENDIX C. DATA EXTRACTION
C.2 Along the chord

Along the chord, the same problem of imprecision occurs. If one extract data for a entire cross
section plane, there are too much useless data. For example on lift side of figure C.2, if one
wishes to plot data in the red cross section, Fluent allow to do it only in the whole red plane.
And so, there are too much useless data up and downwards the wing.

Moreover along this direction (x), it is totally impossible to interpolate in several point the
profile since it is only curve line. It would be too time consumming. But Fluent allows to
select a surface from which data are extracted. So for example upper surface can be selected
and then be plotted. Once again, all data in the perpendicular direction are plotted and not
especially in the given cross section. But since in cases with winglet, pressure does not change
a lot on the wing along the span, it is quite coeherent. While in the case without, pressure
varie quite significantly along the span and then it gives unreadable evolution as shown on
right figure of C.3.

103000 |

102500 -

102000 -

+ Without

101500 { simple W.
",. Blended W
100500 - P

100000

0 IJ,2 0,4 IJ,B IJ,B 1 1,2

Figure C.3: Example of unreadable pressure evolution

Flgure C.2: Example of a plane in Fluent due to useless data

For example, pressure in red is the pressure in the case without winglet. This pressure is
measure for the whole upper surface along each point of the wingspan since the whole upper
surface is selected. That makes red pressure unreadable. While in case with winglet, pressure
does not vary so pressure is quite readable’.

IPlease refer to suitable section to know more about pressure evolution
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Appendix D

Pressure figures

One can find all figures about pressure analysis not displayed in the main report. These figure
are not essential to be placed in the analysis itself. But a quick look at them could bring more
information and make analysis easier to understand.

Pressure distribution along the wingspan and the chord:
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Figure D.1: Model A: Pressure distribution along the span at o = 10° in the case without winglet
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Figure D.2: Model A: Pressure distribution along the span at « = 10° in the case with simple winglet
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Figure D.3: Model A: Pressure distribution along the span at o = 10° in the case with blended winglet
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Figure D.4: Model B: Pressure distribution along the span at o = 10° in the case without winglet
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Figure D.5: Model B: Pressure distribution along the span at o = 10° in the case with simple winglet
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Figure D.6: Model B: Pressure distribution along the span at a = 10° in the case with blended winglet
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Figure D.7: Model B: Pressure distribution along the span at o = 10° in the case with shifted downstream winglet
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Figure D.8: Model A: Pressure distribution along the chord at o = 0° in the case without winglet at wingtip and 0.5 m before
respectively
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Figure D.9: Model A: Pressure distribution along the chord at a = 0° in the case with simple winglet at wingtip and 0.5m
before respectively
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Figure D.10: Model A: Pressure distribution along the chord at a = 0° in the case with simple winglet at winglet tip and
0.25 m before respectively
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Figure D.11: Model A: Pressure distribution along the chord at a = 0° in the case with blended winglet at wingtip and 0.5 m
before respectively
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Figure D.12: Model A: Pressure distribution along the chord at @ = 0° in the case with blended winglet at winglet tip and
0.4m before respectively
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Figure D.13: Model B: Comparisons of pressure distribution along the span (o = 10°) and along the chord respectively
between cases
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Appendix E

Velocity figures

One can find all figures about velocity analysis not displayed in the main report. These figure
are not essential to be placed in the analysis itself. But a quick look at them could bring more
information and make analysis easier to understand.
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Figure E.1: Model A: Evolution of X velocities lost at wingtip when vortex is creating (o = 0°): cross section at chord of
0.5m and 1m (trailing edge)
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Figure E.2: Model A: Evolution of X velocities in the trailing wake: at span of the middle of the wing and at 0.5m from

wingtip
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Figure E.3: Comparison of the evolution of X velocities in the trailing wake at wingtip for both models

[ Without [ Simple W. [ Blended W. [ Shifted W. ]

Upper limit Model A 83.3 85.7 85.5 —
Lower limit Model A —38.8 —40.3 —38.8 —
Upper limit Model B 26.1 26.5 25.6 25.5
Lower limit Model B —3.2 —2.8 -5 —-3.5

Table E.1: Limits of Y-component velocity for each case at 10° for both models in m/s (round to one decimal places)
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Figure E.4: Evoution of Y velocities on upper surfaces of model A and B at 0° and 10° respectively
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Figure E.5: Comparison between evolutions of Y-component in trailing wake between middle wing and at 0.5 m from wingtip
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Figure E.6: Model B: Comparison between traling wake at wingtip in Y-component for each case: without and simple winglet
respectively at 10°
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Figure E.7: Model B: Comparison between traling wake at wingtip in Y-component for each case: blended and shifted
downstream winglet respectively at 10°
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Figure E.8: Left: model A: Evolution of Z-component on the lower surface at a = 0° - Right: model B: rotation in Z-plane
with its translated rotation center due to incidence (10°)
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Figure E.9: Model A: Evolution of Z-components along the trailing path at middle wing and 0.5m from wingtip at o = 0°
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Figure E.10: Model A: Position of trailing path line in Z-components field for case without and with winglet, respectively, at
a=0°
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Appendix F

Vortex pattern figures

One can find all figures about vortex pattern analysis not displayed in the main report. These
figure are not essential to be placed in the analysis itself. But a quick look at them could bring
more information and make analysis easier to understand.
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Figure F.1: Comparison of the evolution of vortex in case without winglet thanks to Z velocities evolution along cross sections
behind the wing: 0.5, 3 and 6 m behind for both models a = 10°
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Figure F.2: Comparison of the evolution of vortex in case with simple winglet thanks to Z velocities evolution along cross
sections behind the wing: 0.5, 3 and 6 m behind for both models o = 10°
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Figure F.3: Comparison of the evolution of vortex in case with blended winglet thanks to Y velocities evolution along cross
sections behind the wing: 0.5, 3 and 6 m behind for both models a = 10°
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Figure F.4: Comparison of the evolution of vortex in case with blended winglet thanks to Z velocities evolution along cross
sections behind the wing: 0.5, 3 and 6 m behind for both models a = 10°
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Figure F.5: Comparison of the evolution of vortex in case with shifted downstream winglet thanks to Y (Left) and Z (Right)
velocities evolution along cross sections behind the wing: 0.5, 3 and 6 m behind for model B at a = 10°
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