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Abstract—One of the pivotal aspects in aircraft design and
manufacturing is the definition of airfoils. This activity can be
addressed with software such as Plane Maker and Airfoil Maker,
two applications bundled with the X-Plane flight simulator, which
allows the design of airfoils or use of predefined ones to build
aircraft lifting elements. However, such airfoils can only be
selected from a folder included with X-Plane, where, as stated,
either default or custom airfoils designed with Airfoil Maker
can be found. The design of airfoils using this program is
done based on their desired aerodynamic characteristics, which
is a tedious and time consuming task if they are meant to
be designed for the whole range of angles of attack. For this
reason, designers prefer using the provided default airfoils in
a preliminary design, but choosing them arbitrary is far from
a correct decision due to the variation in the aerodynamic
performance. In this article we present a strategy for selecting
suitable default airfoils to build the aircraft lifting elements
in Plane Maker such that their aerodynamic performance is
not considerably affected. The proposed strategy consist on
conducting a geometric comparison between software-provided
default airfoils and user-defined airfoils in order to select the ones
with the best aerodynamic performance for a specific aircraft.
To validate the effectiveness of the proposed strategy, we used
the XFLR5 software to compare the aerodynamic behavior of
same-shape wings generated by similar airfoils in a fixed wing
Unmanned Aerial Vehicle.
Index Terms—Airfoil, X-Plane, Plane Maker, Mean Square
Error (MSE), Computational Fluid Dynamics (CFD), XFLR5.

I. I NTRODUCTION
The design and validation of aerial vehicles have been an
object of study of great interest during the last decades given
their multiple applications [1], [2]. Two of the most important
areas of study are the design and selection of airfoils. The
process of airfoil design has already been addressed with
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methodologies like those presented in [3], [4]. Similarly,
the process of airfoil selection has been studied for various
applications [5], [6], [7] and more recently, for the case of
UAVs, a similar technique has been developed [8].
On the other hand, X-Plane is a state-of-the-art flight simulator [9] that allows, among other actions, to simulate the flight
of an own-designed aircraft. The simulations can be run in
manual or autonomous mode and the designs are geometrically
built in Plane Maker. Plane Maker is a program bundled with
X-Plane that lets users design their own aircraft [10], where,
among other things, airfoils can be selected for its usage in
the generation of lifting elements such as wings, stabilizers,
and even propeller blades.
The design of the aircraft lifting elements can be divided in
two cases, in the first case the lifting elements of aerial vehicles
are designed based on existing airfoils whose aerodynamic
characteristics have already been previously defined for almost
the entire range of angles of attack; conversely, in the second
case, the lifting elements are designed with custom airfoils and
therefore, the aerodynamic characteristics of such have not yet
been fully defined.
In the first case, in order to model an aircraft in Plane
Maker, one can choose airfoils files predefined in the “XPlane/Airfoils” folder included in the X-Plane flight simulator
installation package to define the root and tip of the lifting
elements. However, the available airfoils in this folder are
limited to only 28 different airfoils, and the possibility to
do not find the desired ones is huge. In the second case, the
custom airfoils to be used must be generated in a file format
compatible with the program, such as those found in the folder.

Thus, airfoils can be generated in Airfoil Maker, another
program bundled with the X-Plane flight simulator. The problem with this is that this program does not allow defining
airfoils with coordinates based on their geometry, but only
allows it through an inverse methodology; i.e. taking into
account its aerodynamic characteristics, similar as in [11].
Now, the airfoils available in the folder bundled with XPlane have the extension AFL [12] where, in addition to
other aerodynamic parameters, their lift, drag and moment
coefficients are read for each angle of attack with steps of
1 degree for angles from -180 to -21 and 21 to 180 degrees
and steps of 0.1 degrees for angles from -20 to 20. Not only
that, but that format loops in the same file for up to four
instances of Reynolds numbers for some airfoils; Fig. 1 shows
this description. Therefore, the airfoils desired to be generated
must share this same structure.

TABLE I: Default airfoils files bundled with X-Plane 11.
1
2
3
4
5
6
7
8
9
10
11
12
13
14

•

•

Fig. 1: Partial visual description of the the airfoil AFL file.
However, collecting this information is not easy, because
free CFD software does not always specify the airfoil aerodynamic coefficients for all angles of attack established by the
user. This occurs due to the divergence that can occur during
numerical solution processes for any given value due to multiple factors, such as poor meshing, among others [13], [14].
Ensuring convergence in a CFD software entails carefully
reviewing and configuring many other aspects of it that may
not be worth it for purposes of carrying out flight simulations.
So, for both occasions mentioned, the question arises as to
whether it is possible to select airfoils from the airfoils folder
bundled with X-Plane to be used in the building of lifting
elements in Plane Maker such that, after selecting their root
and tip airfoils, their aerodynamic performance not differ much
from the performance of the actual lift elements generated by
the originally desired root and tip airfoils. Therefore, in this
article a solution for this question will be proposed under a
scheme of synergistic comparison between airfoils based on
their geometry and aerodynamic performance.
The main contributions of this work are summarized as
follows:
•

The development of a methodology to select the airfoils
to be used in the building of aircraft in Plane Maker

Boeing Mid (high subsonic)
Boeing Root (high subsonic)
Boeing Tip (high subsonic)
Clark-Y (good propeller)
e63
Flat Plate (very thin)
NACA 0006 (symmetrical)
NACA 0009 (symmetrical)
NACA 0012 (symmetrical)
NACA 16 (good propeller)
NACA 0024 (symmetrical)
NACA 0030 (symmetrical)
NACA 63-015 (Helo Rotor
NACA 63-209 (supersonic)

15
16
17
18
19
20
21
22
23
24
25
26
27
28

NACA 64-208 (supersonic)
NACA 65(216)-415 (lam flow)
NACA 65-006 (supersonic)
NACA 2412 (popular) cuffed
NACA 2412 (popular) invert
NACA 2412 (popular)
NACA 23010
NACA 23012 (low-moment)
NACA 23016
NASA LS(1)-0417 (hi-lift)
NASA LS(1)-0417 inverted
NASA LS(1)-0421 (hi-lift)
NLF(1)-0215F (laminar flow)
round strut

without affecting their aerodynamic performance during
a flight simulation in X-Plane.
This methodology avoids to the designers the generation
of new custom airfoils files in the Airfoil Maker program,
while gives a quick solution for the selection of the
default airfoils from the airfoils folder bundled with XPlane by choosing those closest in functionality to the
originally desired airfoils.
We established a way in which a geometric and aerodynamic comparison between airfoils can be made. This is
useful for reverse engineering purposes, such as knowing
the probable airfoils with which an aircraft was designed.

The remaining of this paper is organized as follows. Section II describes an algorithm to establish a geometric comparison between airfoils. Section III presents the results for the geometric comparison between two sample custom airfoils with
those within the airfoils folder. Section IV indicates what it is
necessary for the aerodynamic analysis. Section V presents the
verification comparison of the aerodynamic performance of a
wing generated by the custom and selected airfoils. Finally, in
Section VI we present a discussion of our research work.
II. P REPARATIONS FOR G EOMETRIC C OMPARISON
Plane Maker only allows the selection of the root and tip
airfoils for the building of the lifting elements. Assuming that
the root and tip airfoils chosen for the design of the wings
of a certain aerial vehicle are not present in the airfoils folder
bundled with X-Plane, whose content is shown in Table I, it is
proposed to compare these airfoils with those from the folder
in order to select from the latter the ones that have greater
geometric similarity. We followed the next methodology:
1) To speed up the process, we discarded the airfoils that
are not related to the aircraft purpose; e. g. our vehicle’s
flight mission is not set to supersonic flight, then we
remove those with the (supersonic) tag in their filename.
2) We collected the .txt files that describe the coordinates
of the non-discarded airfoils. Most of them founded at
http://airfoiltools.com.
3) We applied the airfoil’s geometric comparison algorithm
between the root and tip airfoils of the real vehicle and
the airfoils within the airfoils folder. This algorithm will
be briefly explained below in this section.

4) Finally, we selected the airfoils from the folder with the
least geometric error compared to actual root and tip
airfoils; for this, we took into account the Mean Squared
Error measurement.
0.15
0.1
0.05
0
-0.05

Fig. 3: Example of an airfoil coordinates .txt file.
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Fig. 2: Visual description of the upper- and lower surface
curves and chord of a normalized airfoil. The axes are dimensionless, hence the ratios c/c and y/c, where c is the length
of the chord and y the images. In the rest of the graphs these
axes labels will not be presented in order to save space.
A. Mean Square Error (MSE) & airfoil coordinate files
The MSE is a simple mathematical technique for numerical
comparison between two vectors of the same dimension,
whose popularity lies in the large number of applications
for which it serves, such as statistical estimation and prediction [15], signal comparison [16], etc.
This technique is verified by the following structure:
n
1X
(Xi − Yi )2 ; with i ∈ {1, 2, ..., n}
MSE(X, Y ) =
n i−1

MSEupper surface + MSElower surface
.
2
To obtain the MSE, the vectors of the upper surface curves
of both airfoils must coincide in dimension and in their
position with respect to the x-axis; the same for the vectors
of the lower surface curves.
MSEairfoils =

In the following, only the case of the upper surface will
be taken to exemplify this in more detail, since the process is
analogous for the lower surface.

0.1

0.05

where n is the dimension of the vectors X or Y .
0

On the other hand, the .txt files of coordinates that geometrically describe the airfoils present, in general, the following
characteristics: (1) They are normalized versions, this means
that the coordinates are scaled so that the chord is defined
between 0 and 1, see Fig. 2. (2) They are made up of two
columns, where the first stands for the values of the x-axis
and the second for their images in the y-axis; therefore, the
first corresponds to the chord and the second to the upper
and lower surface curves. (3) The x-axis values start from 1
and move backwards with non-homogenized jumps to 0 (or
nearly 0), to then reverse their direction and go again with
non-homogenized jumps to 1; where the first cycle forms the
vector whose images in y generate the upper surface and the
second the vector that generates the lower surface, these two
vectors are not necessarily of the same dimension. See Fig. 3.
B. Airfoil’s geometric comparison technique
The following technique is proposed to carry out the geometric comparison between two airfoils, which consists of
obtaining the MSE between the upper surface curves of both
airfoils, then for the lower surface curves. Finally, the MSE
of the airfoils is obtained by the mean value of both previous
results. This is,
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Fig. 4: Example of two upper surface curves from two distinct normalized airfoils. Not all the airfoils coordinates are
considered for visualization purposes.
If we have two upper surface curves from two different
airfoils formed by the images of two normalized chord vectors
of different dimensions and we superimpose them in the XY
plane, they would look like in Fig. 4. Where it can be seen that
both upper surface curve vectors do have different dimensions,
the one for the NLF 0215F airfoil having dimension 9 and
the one for Clark Y having dimension 7; it is also evident
from the vertical black lines that the projected positions of the
coordinates of both curves on the x-axis are not coincident.
Remembering that they must be so that the MSE technique
between them can be applied.
To solve the problems of the non-coincidence between the
dimensions and the non-coincidence in the positions of the
coordinates of both curves with respect to the x-axis, a vertical
projection of the coordinates of the curve with the largest dimension SM is made on the curve with the smallest dimension
Sm , as seen in Fig. 5 (where SM would correspond to the NLF
0215F upper surface and Sm to the one of Clark Y). This is

Algorithm 1 Airfoil geometric comparison technique
1:
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Fig. 5: The same upper surface curves of the Fig. 4 but coincident with respect to their dimension and position projected
on the x-axis by interpolation.
done iteratively for each of the coordinates (xi , yi ) ∈ SM
when taking the value xi and obtain its corresponding new
image ỹi over the line whose domain contains xi generated
by the coordinates (xj , yj ), (xj+1 , yj+1 ) ∈ Sm .
This can also be simply understood as the execution of
linear interpolations between the coordinates of the curve Sm
taking the values xi ∈ SM as reference.
Note: If both curves dimension is equal, this interpolation
process must also be carried out in order to make the coordinates of both curves coincide with respect to the x-axis; the
process is the same, with the difference that either of the two
curves can be taken as the SM .

2:
3:
4:
5:
6:
7:
8:
9:
10:
11:
12:
13:

Read from the file separated by commas with the structure
of Fig. 6 the vectors ⃗xup , ⃗yup , ⃗xlow , ⃗ylow of the 1st airfoil.
Repeat step 1 but for the 2nd airfoil.
if dim(⃗xup2nd ) > dim(⃗xup1st ) then
Linearly interpolate on Smup with the ⃗xup2nd values.
Replace the vector ⃗yup1st for the new one interpolated.
else
Linearly interpolate on Smup with the ⃗xup1st values.
Replace the vector ⃗yup2nd for the new one interpolated.
end if
Compute the MSE with the ⃗yup1st and ⃗yup2nd vectors.
Save the result as MSEup .
Repeat steps 3 to 11 but for the lower surface of both
airfoils.
▷ Now use the vectors with the low suffix.
Compute MSEairfoils = (MSEup + MSElow )/2

were compared geometrically using the previous explained
technique. Table II lists in descendent order the mean square
errors between the airfoils in question and a selection of 8
airfoils from the airfoils folder bundled with X-Plane. The
comparison goal is to find the folder airfoil that results in the
minimum MSE for both the root and tip custom airfoils.
TABLE II: Results of MSE geometric comparison between
root and tip custom airfoils and the 8 airfoils selection.

Vs. Root custom airfoil

Fig. 6: Example of the structure of the comma-separated file
required by the Algorithm 1 for the execution of the airfoil’s
geometric comparison technique. The up and low suffixes refer
to the upper surface and lower surface, respectively.
The Algorithm 1 shows the technique described above
that can be applied between two airfoils to compare them
geometrically using the MSE criterion. The present algorithm
can be executed as long as the vectors of a) the chord that
forms the upper surface, b) the upper surface, c) the chord
that forms the lower surface, and d) the lower surface are
organized in that order in four columns in a file separated by
commas; this structure is shown in Fig. 6. The rows’ number
that defines the upper surface coordinates does not necessarily
have to match that which define the coordinates of the lower
surface.
III. G EOMETRIC C OMPARISON R ESULTS
A pair of custom airfoils intended to serve as the root and tip
airfoils of a wing, shown both with blue striped lines in Fig. 7,

Vs. Tip custom airfoil

Airfoil
e63
NACA 63-015 (Helo Rotor)
NASA LS(1)-0421 (hi-lift)
NACA 23012 (low-moment)
NACA 2412 (popular)
NASA LS(1)-0417 (hi-lift)
NLF(1)-0215F (laminar flow)
Clark-Y (good propeller)
NASA LS(1)-0421 (hi-lift)
e63
NACA 63-015 (Helo Rotor)
NASA LS(1)-0417 (hi-lift)
NLF(1)-0215F (laminar flow)
NACA 23012 (low-moment)
Clark-Y (good propeller)
NACA 2412 (popular)

MSE
133×10−5
55×10−5
50×10−5
25×10−5
17×10−5
16×10−5
12×10−5
11×10−5
119×10−5
78×10−5
51×10−5
50×10−5
35×10−5
11×10−5
8×10−5
5×10−5

As can be seen in red color in Table II, the closest geometrically speaking airfoils to the custom root and tip airfoils are
the Clark Y and the NACA 2412, respectively. These airfoils
can also be seen in red in Fig. 7, being the most opaque those
mentioned.
In Section IV it is verified that the wing aerodynamic
behavior formed by the original airfoils is similar to that
formed by the two selected airfoils by the airfoil’s geometric
comparison technique and, thus, determine that such airfoils
can be used in the building of the wing in Plane Maker with
the certainty that the aerodynamic performance of the aircraft
in flight within the X-Plane flight simulator will not differ
much from the performance it would have in reality, where it
would be built with the real airfoils.

TABLE III: Reynolds number calculation to be used for the
2D CFD analysis of all airfoils. Value seen in red.
0.15

Magnitude
Cruise speed
Root custom airfoil chord
Tip custom airfoil chord
Interpolated medium airfoil chord
Kinematic viscosity
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Variable
v
c1
c2
2
c = c1 +c
2
ν
Re =

Reynolds number

vc
ν

Value
22
0.3
0.25
0.275
1.5×10−5

Unit
m/s
m
m
m
m2 /s

4.03 × 105

-

V. A ERODYNAMIC COMPARISON RESULTS
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Fig. 7: Geometric comparison of the root and tip custom
airfoils (blue striped lines) with the folder airfoils showed in
Table II. The level of opacity is the level of similarity. See in
color for a better appreciation.
IV. P REPARATIONS FOR THE A ERODYNAMIC A NALYSIS
XFLR5 is a computational fluid dynamics software that allows the execution of two-dimensional and three-dimensional
aerodynamic analyzes of wings; being able to be carried out
in an isolated manner, that is, without considering the aerodynamic interferences with other elements of the aircraft [17].
For our particular case, we will employ it to contrast the
aerodynamic performance of a wing generated by the root
and tip custom airfoils of Fig. 7 against the aerodynamic
performance of a wing generated by the selected airfoils with
less geometric error respect to the first ones.

In this section, the results of the aerodynamic contrast that
we got between the two hypothetical wings with the same
shape but slightly different aerodynamic twist given by the
usage of two distinct pairs of root and tip airfoils will be
presented.
Fig. 9 shows the performance of the wings for the main
aerodynamic coefficients, shown in Fig. 1. The error between
the curves is defined by:
n

Error =

|Xi − Yi |
1X
n i=1 |max(X) − min(X)|

where X corresponds to the aerodynamic curves of the wing
formed by the custom airfoils and Y to those of that formed
by the selected airfoils from the folder. The min. and max.
values are considered as a range from 0 to 100%. Then, a 0
error occurs when the two curves coincide and a 100% error
occurs when they are separated by told range.

To carry out this contrast we do the listed below:
1) First of all, we calculate the Reynolds number for which
our hypothetical aircraft operates. This value was taken
as the mean of a Reynolds number operating range. For
the length reference needed in the calculation, we choose
the chord of the airfoil midway between the root and tip
custom airfoils. This can be observed in Table IV.
2) In this range and for the same interval of angles of
attack, α, we carried out a 2D CDF analysis for each
one of the airfoils.
3) We define an aircraft with a wing as its only element
using the custom root and tip airfoils to generate it. Then
we do the same, but with the airfoils with the lowest
geometric error found. As depicted in Fig. 8.
4) We defined an analysis, establishing the free stream
speed with the average velocity at which the vehicle
is intended to travel during cruise. Assuming a flying
speed of 22 m/s.
5) Finally, we run the 3D analysis for the same range of
angles of attack defined in the 2D analysis for each wing
and observed the grahical comparison of the both wings’
aerodynamic performances.

Fig. 8: Wing formed in XFLR5 for 3D CFD analysis with the
custom root and tip airfoils, whose formation specifications are
clarified in the software format. With that same shape, another
wing is generated with the root and tip airfoils selected from
the folder: Clark Y for root and NACA 2412 for tip.

TABLE IV: Summary of the wings comparison of Fig. 9.
Aerodynamic graph
Wing lift coefficient vs angle of attack
Wing lift coefficient vs angle of attack
Wing moment coefficient vs angle of attack

Percentage error
4.4%
8.4%
6.5%

[3]

[4]

[5]

[6]
Fig. 9: Wing lift-drag-moment coefficient vs angle of attack.
VI. D ISCUSSION
As we can see from the CFD analysis results, the aerodynamic performance of two same-shaped wings with similar
aerodynamic twist, given the geometric similarity between
their root and tip airfoils, turned out to be quite similar.
Such asseveration is verified from the aerodynamic coefficients
graphs where it is possible to see that a maximum error smaller
than 8.4% was obtained. In this sense, we can summarize the
obtained results as follows: in i) the wing lift coefficient vs
angle of attack graph, it is observed for the curves of both
wings that their slope is practically the same and their yintercept is very close to each other, which give us a 4.4% error
between each graph; ii) the curves of the wing drag coefficient
vs angle of attack present the greatest difference between them
but not very significant, an 8.4% error, with most of this error
occurring in the region starting from an angle of attack of 5
degrees, this is compensated with the decrease of the error
of the other coefficients in that same region; iii) for the wing
moment coefficient vs angle of attack graph, we observed the
same similarities as in i) with just an additional error of 2.1%.
Therefore, we can see that when using Plane Maker to
build aircraft wings, selection of airfoils from the provided
airfoils folder for the root and tip airfoils in replacement
of the designer-defined root and tip airfoils is suitable after
the implementation of the proposed geometric comparison
technique, since the aerodynamic performance of the aircraft
under this change within the flight simulator will not be far
from a real flight performance.

[7]

[8]

[9]
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[11]
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