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Abstract

The paper considers the smoothing of tabulated curves describing airfoils. Smoothing is required to eliminate airfoil contour
distortions that occur during the design of the aircraft wing surface. The problem of ensuring a smooth change in the curvature
of the smoothed contour is presented as a problem of minimizing the quadratic function of many variables. To minimize
the objective quadratic function, the gradient descent method with a constant step was used. According to the developed
technique, with the help of a computer program, the smoothing of the airfoil was carried out. As a result, a rather smooth
diagram of the profile curvature was obtained, which confirmed the effectiveness of the developed smoothing technique.
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List of symbols h=x; —xi_1 The distance between points x; and
x;—1 of the smoothed fragment of the
Xiy Vi Abscissa and ordinate of the i th point airfoil contour along the X axis
of the smoothed fragment of the airfoil ~ / Iteration number of the minimization
contour procedure
n Number of points of the smoothed frag- y! The ordinate vector of the points of
ment of the airfoil contour the smoothed fragment of the airfoil
y = f(x) A tabulated function describing the contour at the / th iteration of the min-
contour of the smoothed airfoil imization procedure
FH (xi) The second derivative of the f function Yo The ordinate vector of the points of
at the i th point the smoothed fragment of the airfoil
Y The ordinate vector of the points of the contour before the start of the mini-
smoothed fragment of the airfoil con- mization procedure
tour VF (Yl ) Objective function gradient calculated
(0] The vector of the second derivatives at the Y/ point
of the f function at the points of the Step size of the gradient descent
smoothed fragment of the airfoil con- &1, & Small positive numbers
tour M Iteration limit
T Transposition sign IVF (Y l) | The norm of gradient vector of the
FY) Objective function objective function, calculated at the ¥’
a; Weight coefficient of the objective point
function at the i th point YA — vl The norm of the difference between the
A One-diagonal matrix of weight coeffi- ordinate vectors of the points of the
cients a;, matrix size isn X n smoothed fragment of the airfoil con-

tour at the / + 1 st and the / th iterations

of the minimization procedure

B< Alexander Yerokhin |F(Y™!) — F(Y")| Module of the difference between the
A-Erokhin @yandex.ru values of the objective function at the
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[ + 1 st and [ th iterations of the mini-
mization procedure

K Five-diagonal coefficient matrix of
numerical differentiation formula

Y* The ordinate vector of the points of

the smoothed fragment of the airfoil
contour corresponding to the minimum
value of the objective function

1 Introduction

Improving the surfaces of aircraft wings to reduce aero-
dynamic drag is a promising direction for increasing the
cost-effectiveness of air transportation and reducing the
harmful effects on the environment. The choice of wing pro-
file largely determines the aerodynamic characteristics of the
aircraft. The optimal profile shape provides high lift and low
aerodynamic drag.

A number of published studies [1-3] consider methods for
optimizing the airfoil and wing surface to improve aerody-
namic performance. The papers [4, 5] describe methods for
designing airfoils and wings corresponding to the required
aerodynamic characteristics.

Information about profile contours is usually presented
in the form of an ordered discrete point basis. Profile curves
and lines connecting the corresponding cross-sectional points
form the frame of the wing surface. The main tool for
describing pointwise curves in geometric modeling systems
is currently spline functions belonging to the C? class. The
spline function equations describe the behavior of the flexi-
ble rail. The methods for constructing parametric models of
airfoils based on Bezier curves and B-splines are discussed
in [6, 7].

In addition to obtaining the optimal profile shape to reduce
aerodynamic drag, the problem of its smoothing is also rel-
evant. When designing a wing, many iterations of changing
the geometric characteristics of the airfoil are performed.
Such changes are required in the course of acrodynamic opti-
mization, as well as further design development of the wing
surface (Fig. 1). In this case, the appearance of irregularities
in the contour of the profile is possible.

Irregularities in the profile lead, in turn, to the appearance
of irregularities in the surface of the wing. It is pointed out
in [8, 9] that the presence of surface roughness in transonic
flight modes leads to a significant change in the pressure
distribution along the chord compared to a smooth surface
with the formation of local supersonic flow regions. At the
same time, significant drops in the pressure coefficient ACp
were observed, which led not only to an increase in resistance,
but in some cases to a decrease in lift.
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It is also noted in [10] that the existing methods for
determining the effect of surface irregularities on drag for
transonic velocities give insufficiently accurate and, as arule,
underestimated values. In particular, the revealed quadratic
character of the dependence of the increase in resistance on
the size of the irregularity is shown.

Since modern long-range aircraft cruise at transonic
speeds, then to reduce the harmful drag caused by wing sur-
face irregularities at the design stage, the task of smoothing
pointwise given contours of airfoils is an urgent task.

In[11], a general formulation of the smoothing problem is
given in relation to the curves of the frame of aircraft surfaces.
This problem is presented as minimizing the sum of squared
deviations of the values of the function being approximated
at the contour nodes. In the general case, it consists in solving
one of the following extremal problems:

1. Find the minimum of functionality

S =cVr+ Uy,

where U = Zf\;o((Syi)z—sums of squared deviations y;,

" 2
Vo = f, (y ) (x)dx—potential energy of an elastic rod.

The parameter ¢ characterizes the degree of smoothing: as
& — 0 we arrive at a pure interpolation problem.

2. Find
N
min Uy = ) "|8yil,
i=0

The smoothing problem is considered solved if the fol-
lowing condition is met:

l6yil <Yy, i=1,2,3,---, N—1,

where Y is given.

There is a known method for solving problem 1—interpo-
lation with smoothing, based on the use of parametric splines,
developed by A. D. Tuzov [12]. A feature of the method
is that it proposes a clear iterative smoothing process and
proves that this process is convergent. The advantage of this
smoothing method is that certain points can be fixed during
the smoothing process. In addition, the curves themselves
obtained by this method meet most of the requirements of
aviation production, are easily calculated and belong to the
C? class. The error §; for setting the i-th contour point in this
method is defined as half the deviation of the rail at point i
when it is released while simultaneously fixing the rest of the
contour.

In [13], a technique for automated design of optimal con-
tours, developed by I. R. Esheeva, is considered, designed
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Fig. 1 Curvature diagrams of a wing’s sections

to correct the coordinates of the points of sections of com-
plex surfaces of aircraft, to obtain the optimal contour of the
section. The values of the curvature function and the integral
of the curvature function are used as criteria for assessing
the optimality of the contour. The technique is intended for
smoothing transverse curves of the frame of aircraft fuselage
surfaces, therefore, for the smoothed curve, only the continu-
ity of the first derivative of the interpolating contour function
is checked. Thus, this method is not applicable for smoothing
airfoils, since the continuity requirements for both the first
and second derivatives of the function that interpolates the
contour are applied to them.

In [14], the least squares method is proposed, adapted
for smoothing pointwise given aerodynamic contours. The
profile approximation is carried out taking into account the
condition of the exact passage of the contour through two
points, for example, the initial and final ones.

The authors carried out a comparative analysis of smooth-
ing contours using the least squares method and smoothing
cubic splines. The results of the study show that for smooth-
ing contours of the airfoil type, it is most expedient to use the
method of smoothing cubic splines due to the more effective
elimination of unregulated inflection points.

The method of smoothing a grid of three types of flat
sections, described by Keel and Tuzov in [15], is designed to
smooth the curves of the skeleton of surfaces when linking the
shape of aircraft. The method is essentially a development of
Tuzov’s smoothing procedure for the case of a grid of curves
in three-dimensional space.

As studies have shown, in some cases, the use of smooth-
ing by cubic splines does not allow eliminating the existing
irregularities of the spline. An example of such a circuit is

shown in Fig. 2. The figure shows the upper half of the sym-
metrical convex profile of the vertical tail of a medium-haul
passenger aircraft. The calculations performed showed the
impossibility of eliminating the existing concavity by the
method of A. D. Tuzov due to very small (10’8...10’6 mm)
values of the error §; for setting the points of the section.

In previous works [16-18], the authors considered the
issues of smoothing the contour, which has sections with
different types of smoothness violations.

As a result of applying the developed smoothing proce-
dures, it was possible to eliminate unregulated changes in
the sign of curvature, and the contour is convex through-
out. However, significant differences in the curvature graph
remain (Fig. 3). Thus, it is required to solve the problem of
ensuring a smooth change in the curvature of the smoothed
contour.

2 Materials and methods
2.1 Optimization via smoothing

The table function describing the upper half of the smoothed
airfoil is denoted as y = f(x). and the following vector is
introduced
Y =01y, ..., Yn)T-

Here y; = f(x;),i = 1,2, ..., n, x; and y; are the
abscissa and ordinate of the i th point, respectively the num-

ber of points of the smoothed contour fragment is n, and the
transposition sign is 7.
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Fig.3 Curvature diagram of smoothed airfoil
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Next, we introduced the vector
11 11 11 T
0= (" e S0 f1 )

where f!!(x;)—is the second derivative of the f function at
the i th point.

The problem of contour smoothing is considered as a
problem of minimizing a function of several variables of the
following form

F(Y)=0"A0, (1

where A—is a one-diagonal matrix of weight coefficients a;,
matrix size is n x n.

2.2 Objective function

To solve the problem, it was necessary to represent the objec-
tive function in the form of an explicit dependence on the
ordinates of the nodes of the smoothed contour. For this, the
values of the second derivative f T (x;) of the y = f(x) func-
tion were expressed in terms of the values of the function at
fivepointsi —2, i — 1, i, i +1, i +2, using the non-difference
formulas of numerical differentiation [19].

The formula expressing the values of the second derivative
of a function in terms of the values of the y = f(x) function
atfive points, after discarding the infinitesimal residual terms,
is presented as:

(—2yi—2 +32y;—1 — 60y; +32yi11 — 2yi42),
(2)

1
M) =50

where h = Xi — Xi—1.
Since the objective function is a quadratic form given by
a diagonal matrix, it is represented as a sum of squares

n

| 2
F) =Y a {W(—%’i—z +32yi1 — 60y; +32yi11 — 2yi+2)i| .
3)

i=1

2.3 Minimization of the objective function
by the method of gradient descent
with a constant step

Since the objective function has continuous first partial
derivatives at all points of the smoothed contour, the gra-
dient descent method with a constant step is used to find the
minimum of the objective function [20].

The search for the minimum of the F (Y) function, accord-
ing to this method, was carried out by constructing a sequence

of points {¥'}, =0, 1, ..., such that
F(Y’“) < F(Yl), I1=0,1,....

The points of the { y! } sequence were calculated according
to the following rule

Yyl =yl — WF(Y’), 1=0,1,... “)

Here, the Y point corresponds to the values of the ordi-
nates of the contour points before the start of smoothing
according to the developed method; V F(Y') is the objective
function gradient calculated at the Y/ point; the step size 7 is
set before the first iteration and remains constant as long as
the function decreases at the points of the sequence, which is
controlled by checking the condition F(Y"*!) — F(¥!) < 0.

The construction of the {Y ! } sequence ends at the Y point
where one of the three conditions is met:

. ||VF(Y1) ||< &1, where £1—is small positive number;

e | > M, where M—iteration limit;

 The following two inequalities hold twice simultane-
ously [Y*! — Yl||< &, |F(Y™*) — F(Y')| < &5, where
&2—is small positive number.

For the convenience of calculating the gradient of the
objective function (2) is rewritten in matrix form

()

B 1 i —2i—1—-ii+1i+2

C24h2| 0...0 -2 32 —60 32-20---0
Y1
2

« )

Yn—1
Yn 5)

Next, we introduce a five-diagonal matrix of dimension
n xn.

[ —60 32 -2 0 0 00 000
32 —60 32 -2 0 00 000
1 -2 32 —60 32 —2 00 000
8= : :
00 000 —232 —60 32 -2
00 000 0 -2 32 —60 32
i 00 000 0 0 -2 32 —60 |
(6)

After that, the vector of values of the second derivatives
was redefined as follows

Q=KY. (N
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Taking into account Eq. (7), the objective function was
written as

FY)=KTYTAYK. (8)

Thus, to find the gradient of the objective function, the
following formula is obtained

VF(Y) = Z[KTAYK]. ©)

2.4 Objective function minimization algorithm

Step 1.Set Y%, 0 <& < 1,61 >0, >0, M;

Step 2. Set! = 0;

Step 3. Set VF(Y');

Step 4. Verify that the algorithm termination criteria are

met. | VF (Y')| < e: if the criterion is met, the calculation

is finished, Y* = Y! ; if the criterion is not met, then go to

step 5;

e Step 5. Check the fulfillment of the inequality [ > M: if the
inequality is satisfied, then the calculation is over: Y* =
Y': if not, then go to step 6;

e Step 6. Set the step size #;;

e Step 7 Calculate Y!*! = Y — 4y VF (Y');

e Step8.Check if the conditionis met F (Y'*!)—F (¥') < 0:
if the condition is met, then go to step 9; if the condition
is not met, set f; = %’ and go to step 7.

e Step 9. Check the conditions || Y+ oyl < e,

|F(Yl+1) — F(Yl)| < ¢&y: if both conditions are met at

the current value of [ and [ = [ — 1, then the calculation is
over, Y* = Y!: if at least one of the conditions is not met,

set/ =1+ 1 and go to step 3.

3 Results

On the basis of the above algorithm, a computer program was
developed, with the help of which the considered airfoil was
smoothed.

The program is written in C++ . To obtain the initial data,
files are used to export an array of point coordinates from the
CAD system. Using the NX system as an example, these are
text files with the.dat extension, in which each line contains
thex, y and z coordinates of one point in the array, sepa-
rated by tabs. Data for the vector Y are taken from the y
coordinates, the value & = x; — x;_1 is obtained from the x
coordinates.

The block diagram of the program is shown in Fig. 4.
After entering the initial data, the program is executed in the
sequence described below.

@ Springer

The number of points of the smoothed fragment of the
curve N and the weight coefficients a; are set, the variables
used in the calculations and arrays for storing the values of
the matrices are declared. The dimensions of the arrays are
1 more than the dimensions of the matrices for storing their
values at each iteration of the algorithm.

YO, e1 > 0, > 0, M are set (step 1 of the algorithm).

The iteration cycle / = 0, 1, ..., M is initiated, within
which further operations are performed. The beginning of the
cycle [ = 0 corresponds to step 2 of the algorithm, reaching
the limit number of iterations / = M corresponds to step 5.

For values [ > 0, the values of the elements of the vector
Yyl =yl — uyVF (Y ! ) are calculated, which corresponds to
step 7 of the algorithm. For iteration / = 0, these operations
are skipped.

The gradient vector of the objective function VF (Y') is
calculated (step 3 of the algorithm). This is done in several
steps.

A five-diagonal matrix K isintroduced by formula Eq. (6).
To obtain the vector of second derivatives Q' in accordance
with Eq. (7), the matrix K is multiplied by the vector Y’
(Fig. 5).

The transposition of the vector Q' is performed.

A one-diagonal matrix A of weight coefficients a; is writ-
ten.

The transposed vector Q' is multiplied by the matrix A.
Further, to obtain the value of the objective function F(¥?),
the result of this operation is multiplied by the vector Q'
(Fig. 6).

Further, to calculate VF (Yl) in accordance with Eq. (9),
the matrix K is multiplied by 2 and by the matrix A (since
the matrix K is diagonal, then KT = K). Since Ql =KY!,
the result, in turn, is multiplied by the vector Q' (Fig. 7).

Next, ||VF (Y ! ) | is calculated and the condition
||VF(Y1) |I< &1 is checked (step 4 of the algorithm).

The condition ! > 0 is checked; for the iteration / = 0, all
the operations described below are not performed.

The gradient descent step # is set (step 6 of the algorithm).

The fulfillment of the condition F (Y l“) - F (Yl ) > 0is
checked, when it is fulfilled, the step value #; = ’7’ is reduced
(step 8 of the algorithm).

If the previous condition is not met, the norm of the
difference of vectors ||[Y**! — Y!|| is calculated and the
simultaneous fulfillment of the conditions || Y/*! — Y!| < &5,
|F(Y™!) — F(Y")| < & (step 9 of the algorithm). If not
executed, the value of 1 is incremented and the next iteration
of the loop is executed.

The result is an array of y coordinates for the points of the
smoothed fragment of the curve.

As a result of smoothing, the interpolation error was
0.1-0.8%, except for two end points, where it reached 1.5%
and 4.3%.
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Xl,X21 "'/Xn/yl, y2; '"/yn/
£1, &, M

| YO=[_,V1 o V-l y”]T |

QT

F(Y) = QTAYK
[

Fig. 4 Program flowchart

Figures 8 and 9 show a smoothed profile curve built in a
CAD system and a diagram of its curvature.

4 Discussion and conclusions

As can be seen from Figs. 8 and 9, smoothing made it pos-
sible to obtain a fairly smooth curve of the profile curvature,
however, an unforeseen concavity appeared in the tail part of
the profile.

Also, as a limitation of the developed technique, it should
be noted the numerical differentiation method used, designed
for equidistant nodes of the curve. In the considered case, this

v

VF(Y!) = 2[KTAYK ]

[ ] =
BB = =

is admissible, since the smoothed fragment is located in the
tail part of the profile, where the step of the nodes is constant
and equal to 5% of its chord length. However, to smooth
the sections that lie closer to the nose of the profile, where
smaller values of the step of the nodes of the curve are used,
a method for calculating the second derivatives is required,
which allows for their uneven location.

Thus, the results of the performed smoothing confirm the
correctness of the choice of the objective function and the
effectiveness of the developed smoothing technique for the
tasks of ensuring the smoothness of the change in curvature.
However, the methodology requires some modifications.
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Fig.5 Fragment of the source code of the program

34 ]
81 @ // STEP 3 Grad F(Y~1)
82 // 3.1Q
3 | // matrix Kee
84 double K@O[N + 4][N + 4];
85 for (int i = 0; i < N + 4; i++)
86 for (int j = 0@; j < N + 4; j++)
87 kee[1][j] = e;
88 for (int i = 0; i < N + 4; i++)
89 Kee[i][i - 2] = -2, Kee[i][i - 1] = 32, Kee[i][i] = -6@, Kee[i][i + 1] = 32, Kee[i][i + 2] = -2;
90
91 // matrix Ke
92 double Ke[N + 4][N + 4];
93 double hl = 1 / (24 * h*h);
94 for (int i = 0; i < N + 4; i++)
95 for (int j = 0@; j < N + 4; j++)
96 Ke[i][j] = Kee[i][j] * h1;
97
98 // Q@ = Ke*ye
99 double Q@[N+4][M];
100 //multiplication of matrices K@ and Y@
101 int ks
102 for (int 1 = @; i < N + 4; i++)
103 //loop for multiplying i-th row of matrix K@ by 1st column of matrix Y@
104 for (Q@[i][1] =0, k = @; k < N + 4; k++)
105 Q@[i][1] += Ke[i][k] * ve[k][1];
106
107 // Vector Q
for (int i = @; i < N; i++)
Q[i][1] = Qo[i + 2][1];

Fig.6 Fragment of the source code of the program

First, restrictions should be introduced to prevent the
appearance of unforeseen inflections on the curve. The most
promising is the use of methods of conditional minimiza-
tion of the objective function with restrictions that prevent
changing the sign of the curvature at the contour nodes.

@ Springer

//loop to multiply 1st row of matrix QT by ith column of matrix A

//loop to multiply 1st row of matrix C1 by 1st column of matrix Q

111 /73.2 F(Y~1)
112 double QT[1][N][M];
113 for (int 1 = @; i < N; i++)
114 QT[e][i][1] = Q[i][1]); // QT - Q transposition
115 cout << endl;
116
17 @ /1 F(Y) = QT*A*Q, F(Y) = CF
118 [ // matrix A
119 double A[N][N];
120 for (int i = @; i < N; i++)
121 for (int j = @; j < N; j++)
122 A[i][3] = e;
123 for (int i = @; i < N; i++)
124 A[i][i] = a[i];
125
126 // C1 = QT*A
127 double C1[1][N][M];
128 //matrix multiplication QT and A
129 for (int i = @; i < N; i++)
130 for (C1[@][i][1] = @, k = @; k < N; k++)
131 C1[e][i][1] += QT[e][k][1] * A[K][i];
132
133 // CF = C1*Q - objective function
134 double CF[M];
135 //multiplication of matrices C1 and Q
136 for (int i = @; i < N; i++)

for (CF[1] =0, k = @; k < N; k++)

CF[1] += c1[e][k][1] * Q[kI[1];

Secondly, it is required to apply a method for calculat-
ing the second derivatives of a function approximating the
contour, which can be used in the case of unequally spaced
contour nodes.
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143 = // 3.3 Grad F(Y~l)

144 // gradCF = grad F(Y) = 2[KT*A*K*Y] = 2[KT*A*Q], KT =
145 // B@ = 2*X, Bl = B@*A, gradCF = B1*Q

146

147 // matrix K

148 double K[N][N];

149 for (int i = @; i < N; i++)

150 for (int j = @; j < N; j++)

151 K[i][3] = Ke[i + 2][j + 2];

152

153 // BO = 2*K

154 double B@[N][N];

155 //multiplication 2 and matrices K

156 for (int i = @; i < N; i++)

157 for (int j = @; j < N; j++)

158 Bo[i][j] = 2 * K[i1[j];

159

160 double B1[N][N];

161 //multiplication of matrices B@ and A

162 for (int i = @; i < N; i++)

163 for (int j = @; j < N; j++)

164 for (B1[1i][j] = @, k = @; k < N; k++)
165 B1[i][j] += Be[i][k] * A[k][j];
166 // gradCF = B1%*Q

167 double gradCF[N][M];

168 //multiplication of matrices Bl and Q

169 for (int i = @; i < N; i++)

17e for (gradCF[i][1] = @, k = @; k < N; k++)
171 gradCF[i][1] += B1[i][k] * Q[k][1];
172 - -

Fig.7 Fragment of the source code of the program

Fig. 8 Airfoil curvature diagram after smoothing

5 Conclusion

The smoothing of airfoils with tabulated coordinates is con-
sidered. The smoothing of the contour, convex throughout,
but having significant differences in the curvature diagram,
is studied. The problem of ensuring a smooth change in the
curvature of the smoothed contour is considered.

The contour smoothing problem is presented as a problem
of minimizing the quadratic function of many variables. As

K

D s R R

// loop for multiplying i-th row of matrix K by j-th row of matrix A

//loop for multiplying the i-th row of the matrix Bl by the 1st row of the matrix Q

.

arguments of the quadratic function, the values of the sec-
ond derivatives of the function interpolating the curve of the
smoothed airfoil given in a table at its nodes are used.

To solve the problem, the quadratic function is presented
in the form of an explicit dependence on the ordinates of
the nodes of the smoothed contour. The values of the second
derivative of the function interpolating the contour at each of
its nodes are expressed in terms of the values of this function
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Fig.9 Concavity on the airfoil tail curvature diagram after smoothing (enlarged)

at five points using non-difference numerical differentiation
formulas.

To find the minimum of the objective quadratic function,
the gradient descent method with a constant step was used.

An algorithm for minimizing the objective function using
the gradient descent method has been developed. A computer
program developed on the basis of this algorithm smoothed
the considered airfoil.

The effectiveness of the developed smoothing technique
for the problems of ensuring the smoothness of curvature
changes is confirmed.

A disadvantage of the technique is revealed in the form of
the possibility of unforeseen concavities smoothed airfoil.

Directions for further research are determined to prevent
the appearance of unforeseen inflections on the curve and to
ensure the possibility of applying the technique with unequal
distances between the points of the smoothed curve.

Funding The authors declare that no funds, grants, or other support
were received during the preparation of this manuscript.

Declarations

Conflict of interest The authors have no relevant financial or non-
financial interests to disclose.

@ Springer

References

1. Zhang Y, Fang X, Chen H, Fu S, DuanZ, Zhang Y (2015) Supercrit-
ical natural laminar flow airfoil optimization for regional aircraft
wing design. Aerosp Sci Technol 43:152-164

2. Zhao T, Zhang Y, Chen H, Chen Y, Zhang M (2016) Supercritical
wing design based on airfoil optimization and 2.75D transforma-
tion. Aerosp Sci Technol 56:168—182

3. Runze LI, Deng K, Zhang Y, Chen H (2018) Pressure distri-
bution guided supercritical wing optimization. Chin J Aeronaut
31(9):1842-1854

4. Zhang S, LiH, Abbasi AA (2019) Design methodology using char-
acteristic parameters control for low Reynolds number airfoils.
Aerosp Sci Technol 86:143-152

5. Sun G, Sun Y, Wang S (2015) Aurtificial neural network based
inverse design: airfoils and wings. Aerosp Sci Technol 42:415-428

6. Derksen RW, Rogalsky T (2010) Bezier-PARSEC: an opti-
mized aerofoil parameterization for design. Adv Eng Softw
41(7-8):923-930

7. Pérez-Arribas F, Castaiieda-Sabadell I (2016) Automatic modelling
of airfoil data points. Aerosp Sci Technol 55:449-457
8. Shevyakov VI (2011) Airdynamic quality criteria of aircraft outer
surface. Civil Aviation High Technol (Nauchny Vestnik MGTU
GA) 163:133-137
9. Gerasimov YY, Grachev VS, Kaburov IS, Ozerov VN, Tabolov
MU, Fomin VM, Shishov SG (1982) Investigation of the flow
around an aircraft wing section in flight and in a wind tunnel. TsAGI
Sci J XII(3):1-11
10. Shevyakov VI (2017) Development of theoretical foundations and
practical methods for implementing the aerodynamic perfection of
aircraft of the transport category, taking into account the fulfillment
of certification requirements for flight safety. Dissertation for the
degree of Doctor of Technical Sciences, Moscow State Technical
University of Civil Aviation



Aerospace Systems (2024) 7:481-491

491

11.

12.

13.

16.

Egorov EV (1987) Interpolation of a discrete curve by polynomials
of even degrees. Descriptive geometry and computer graphics in
the practice of solving engineering problems, Omsk, pp 81-83
Tuzov AD (1976) Smoothing of functions specified by tables.
Methods of spline functions. Comput Syst 68:61-66

Esheeva IR (2006) Automation system for designing optimal con-
tours of complex surfaces. Dissertation for the degree of Ph.D.,
East Siberia State University of Technology

Davydov YV, Zlygarev VA (1987) Wing geometry. Publishing
house Mashinostroenie, Moscow

. Tuzov AD, Davydov YV, Keel YG (2009) Computer-aided design

of aircraft spatial layout based on orthogonal structures. Aviat Ind
4:8-11

Egorov EV, Erokhin AP (2014) Smoothing of the section of the
aerodynamic contour with unregulated concavity. Flight 10:54—-60

17.

18.

19.

20.

Deniskin YI, Yerokhin AP (2015) Smoothing of the aerodynamic
contour area having unregulated concavity with a restriction of
deviation from the reference coordinates of contour. Internet mag-
azine “Naukovedenie” 7: 2

Deniskin YI, Yerokhin A, Artiukh V, Vershinin V, Pocebneva I
(2019) Simulation of an aerodynamic profile with sections of ad
hoc concavity. E3S Web Conf 110:01074

Berezin IS, Zhidkov NP (1962) Calculation methods, vol 1. Pub-
lishing house of physical and mathematical literature, Moscow
Panteleev AV, Letova TA (2005) Optimization methods in examples
and tasks: Proc. allowance. Higher school, Moscow

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of such
publishing agreement and applicable law.

@ Springer



	Airfoil smoothing using unconditional optimization
	Abstract
	List of symbols
	1 Introduction
	2 Materials and methods
	2.1 Optimization via smoothing
	2.2 Objective function
	2.3 Minimization of the objective function by the method of gradient descent with a constant step
	2.4 Objective function minimization algorithm

	3 Results
	4 Discussion and conclusions
	5 Conclusion
	References




