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DETERMINING THE SHAPE OF AN AXISYMMETRIC BODY
IN A VISCOUS INCOMPRESSIBLE FLOW ON THE BASIS
OF THE PRESSURE DISTRIBUTION ON THE BODY SURFACE

S. A. Solov’ev UDC 532.5.032 : 533.696.5 : 517.54

A method is developed for determining the shape of an azisymmetric body on the basis of the pressure
coefficient distribution specified along the meridional section of the body. Viscosity is taken into ac-
count within the framework of the boundary layer model. The method is based on an iterative process,
which involves the solutions of the inverse problem in the plane case and of the direct problem for an
azisymmetric body. A code implementing the iterative process is written, and examples of numerical
results are given.
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Introduction. Inverse boundary-value problems of aerohydrodynamics (IBPAs), which are incorporated
into the general theory of inverse boundary-value problems, are used to determine the shape of an airfoil on the
basis of the velocity or pressure distribution specified on the airfoil surface. In the case of spatial flows, inverse
boundary-value problems can be used to design airships and to optimize the shapes of the fore and aft parts
of flying vehicles.

One of the basic idealizing models of aerodynamics, which simplify the calculations of aircraft wings, is
the model of plane sections, where the body cross sections are considered instead of the body as a whole. Both
direct problems of this kind (see, e.g., [1-3]) and inverse problems (see, e.g., [4]) were studied in detail. Methods
that allow obtaining numerical-analytical solutions for various fluid models [ideal incompressible fluid (IIF) or
viscous compressible fluid] were developed. If it is impossible to use analytical methods for airfoil calculations, then
numerical methods are applied. The model of plane sections, however, is inapplicable for three-dimensional bodies
with complicated geometry. In this case, direct problems are solved by numerical methods where a grid covering
the entire body surface is constructed. Inverse spatial problems are also solved by numerical methods, which are
mainly iterative methods and, therefore, can be applied in particular cases only. For instance, with the use of the
model of meridional sections, the flow around axisymmetric bodies can be considered as a two-dimensional problem:
construction of bodies of revolution on the basis of a specified chord diagram of the velocity distribution [5] or on
the basis of a specified pressure distribution [6], determination of the shape of turbomachinery blades located on
an axisymmetric stream surface [7], and construction of an axisymmetric body on the basis of a specified velocity
distribution on the body surface [8].

The present work deals with solving the problem of an axisymmetric viscous incompressible fluid (VIF) flow
around an axisymmetric body, in contrast to [5, 6, 8] where the study is based on the ITF model. Viscosity is taken
into account within the framework of the boundary layer (BL) model. The iterative process constructed for solving
this problem includes methods of solving both inverse and direct problems.
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Fig. 1. Formulation of the problem: (a) sought axisymmetric body; (b) distribution of the pressure
coefficient along the meridional section C(s) (the solid and dashed curves refer to an axisymmetric
and symmetric bodies, respectively).

1. Formulation of the Problem. An impermeable axisymmetric body is placed into an axisymmetric VIF
flow with a specified velocity at infinity Vi, (Fig. 1a). The body is defined by the contour of its meridional section;
the axis of symmetry of the body and the free-stream velocity vector are aligned with the x axis. The distribution
of the pressure coefficient C, = Cp(s) (s € [0, L]) is specified on the contour (Fig. 1b). The arc coordinate s of
the contour of the meridional section is counted from the point A (s = 0), which is the point of flow branching, to
the point B on the trailing edge (s = L). The Reynolds number (Re) is also specified in advance. The task is to
determine the shape of the meridional section of the body.

2. Numerical-Analytical Method of the Solution. An effective approach to solving the problem posed
is the approach developed in [8], where an iterative process of solving the inverse problem for an axisymmetric
body is constructed in accordance with the ITF model with the use of methods of solving the inverse problem
for a plane contour and the direct problem for an axisymmetric body. The calculations performed revealed rapid
convergence of the process (6-8 iterations on the average) with the accuracy reaching 107°. Let us construct a
similar iterative process by using methods of solving the inverse plane problem and the direct axisymmetric problem,
based on the VIF model.

1. Let us choose the initial approximation of the distribution of the pressure coefficient Cz()(l))(s) for solving

the IBPA in the plane case: C’gf)(s) = Cp(s) and k = 0.

2. Based on the distribution C’I()]f)(s), we find the contour LY by solving the IBPA for a symmetric airfoil.

3. If the constructed contour L,(Zk) is open, we close it by the method of the quasi-solution [4]. If the contour
has internal intersections with itself, then the airfoil shape is corrected to obtain a univalent profile.

4. Let us define Cé];)(s) as the solution of the direct boundary-value problem for an axisymmetric body
whose meridional section is the contour Lik) with a specified free-stream velocity V.

5. Let us calculate the residue (%) (s) = C)(s) — C;,g) (s).

6. The next approximation of the pressure coefficient distribution for the plane IBPA is determined by the
formula C’z(,lfrl)(s) = Célf)(s) + A6®) (), where A € [0,1] is the relaxation coefficient.

7. We assume that k£ = k + 1 and pass to step No. 2.

The criterion of finalizing the iterative process is the condition ||[6(*)(s)|| < p (u is a specified positive
number). In this case, the solution obtained coincides with specified accuracy with the initial distribution of the
pressure coefficient. As the inverse problem may fail to have a solution in the class of closed contours in the general
case, the second condition of finalizing the process is ||Cz(,];+1)(s) - CZ()IQC) (s)]| < p. In this case, the distribution of
the pressure coefficient on the resultant airfoil can differ from the specified distribution.

It should be noted that only the condition of a closed airfoil contour was used in solving the plane IBPA
by the method of the quasi-solution, and the free-stream velocity obtained in the course of the solution could be
different from the initially specified velocity V,,. The direct boundary-value problem of aerohydrodynamics was

solved with the initially specified free-stream velocity. If the resultant contour has internal intersections with itself,
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Fig. 2. Solving the IBPA in the plane case: (a) physical plane z; (b) distribution of the pressure
coefficient over the airfoil contour.

the airfoil univalence can be obtained by increasing the slope of the tangent line to the curve Oélf) (s) in the vicinity
of the trailing edge (dashed curve in Fig. 1b).

3. Solution of the Inverse Boundary-Value Problem for a Symmetric Airfoil. In solving the inverse
boundary-value problem in the plane case, we have to determine the shape of the symmetric airfoil L, (Fig. 2a)
in a VIF flow without separation on the basis of the pressure coefficient distribution C, = C,(0) (o € [0,2L])
specified on the airfoil surface (Fig. 2b). The arc coordinate o of the airfoil contour is counted from the point B
so that the flow region is on the left with increasing o. The point A with the arc abscissa o = o, = L is the point
of flow branching.

In solving the IBPA by the BL model, the problem is reduced to finding the fictitious airfoil CB’AB"C
on the basis of the velocity distribution V' = V(o) specified on the segment B’AB” [4]. The dependence V(o) is
determined on the basis of the specified function Cp (o) in the formula following from the Bernoulli integral:

V(0) = Vaer/1 - Cylo).
The problem of finding the fictitious airfoil is similar to the basic IBPA for an airfoil in an ITF flow. If the sought
airfoil and the flow around it are symmetric, the method of solving the inverse problem is simplified.

As the flow contains no vortices, there exists a velocity potential ¢(x,y) and a corresponding stream function
¥(z,y). Let us introduce into consideration a complex flow potential w(z) = ¢(z,y) + itb(z,y). The assumption of
non-permeability of the fictitious airfoil contour implies that ¢ = 0 on this contour. Then, assuming that ¢(o,) =0
on the fictitious airfoil surface, we obtain

(o) = /V(o) do, o €[0,2L]. (1)

Let us denote p1 = p(2L). As we consider a symmetric flow around a symmetric body, the circulation is T" = 0.

Let us introduce into consideration a canomical plane ¢ = re?” where the region of the flow around the
fictitious airfoil corresponds to the exterior of a circle of unit radius |¢| > 1 with a cut from the point ¢ = 1
to infinity. For mutually single-valued conformal mapping of these regions, we require the correspondence of the
infinitely remote points of the planes z and {, and also the correspondence of the point ( = 1 to the point z = 0.
In the course of mapping, the boundary of the unit circle || = 1 transforms to the fictitious airfoil boundary, and
the upper and lower edges of the cut transform to the lines B”C and B’C), respectively. The complex potential of
the symmetric flow in the canonical plane has the form

w(C) = uo(¢ +1/¢) + Co,

where ug is the absolute value of velocity at infinity in the plane ¢ and Cj is a constant.

Assuming that ¢ = ¢ and taking into account that the velocity potential ¢(v) = Re[w(e?)] at the points
¢ =1and ¢ = -1 is known [@(0) = ¢1 and @(7) = 0], we obtain a system of equations for finding the unknown
parameters. Solving this system, we find Cy = 2uy = ¢1/2. Finally, we have the following equation on the
boundary L:

o(7) = p1(cosy+1)/2, v €][0,27]. (2)
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As the values of the velocity potentials ¢(o) and @(v) at the corresponding points in the planes z and ¢ coincide,
Egs. (1) and (2) yield the dependence o = a(v), v € [0, 27].
Let us introduce into consideration an auxiliary function, which is analytical in the domain || > 1
dz _ dz
n ‘ +arg (

X(Q) =In - ’d{ dg)

Then, we find the boundary value of its real part £() = In |ds/dy| for ¢ = e

As the fictitious airfoil should not have inflections at the points B’ and B”, i.e., the internal angle with
respect to the flow region is equal to 7, and the contour L. in the neighborhood of the image of these points in the
plane ¢ has the angle m/2, then we have z(¢) ~ (1 — 1/¢)? in this neighborhood. Hence, the function x({) has a
logarithmic singularity at the point ¢ = 1. Eliminating this singularity, we obtain the function

=& +in.

dz 1
O = x(¢) — —n —m(1- ) =P+iQ.
O =X —xo@ =t~ (1= ) =P+iQ
Knowing the function ¢ = o(v), we find P(y) = Re[x(v)] on the boundary L¢ and, using the Schwarz
formula, reconstruct the function x(¢) with the density P(v):
1 27 . C
elT +
v = — P . d
W=y [PO5 T

0

¢
/ 9 ac. (3)

1
Substituting the limiting value ¢ = ¢ into Eq. (3), we obtain the parametric equations for the sought contour of
the fictitious airfoil

The function z(¢) is found by the formula

Yy
2(7) +iy(y) = / 2sin (7/2) POHOO) g7 4 € [0, 2],
0

where O(1) = Q(7) + 7 + 7/2.

To determine the shape of the airfoil proper, we have to move normal to the fictitious airfoil boundary on
the segment B’ AB” inward this fictitious airfoil at a distance equal to the displacement thickness d; (o), which can
be found by boundary layer calculations with an arbitrary available method (see, e.g., [2, 9-11]).

The airfoil obtained as a result of this solution can be physically non-feasible, i.e., fail to satisfy the conditions
of solvability (existence and uniqueness) and univalence.

The existence of a physically feasible airfoil implies that its contour is closed. For the BL model, the closed
contour of the airfoil means that the fictitious airfoil is non-closed by §9 = 2§1(0) = 26;(2L). The airfoil contour is
closed if the following equality is valid:

V 1)
/P cosTdr = —m L
Uo

To satisfy the solvability conditions, we use the method of the quasi-solution [4]. In addition, the resultant
contour should not have intersections with itself.

4. Solution of the Direct Boundary-Value Problem for an Axisymmetric Body. In solving the
direct boundary-value problem, we have to determine the distribution of the pressure coefficient along the contour
of the meridional section Cp(s), s € [0, L] for an axisymmetric body in a VIF flow with a specified velocity at
infinity Vo. The axis of symmetry of the body and the free-stream velocity vector are aligned with the z axis
(see Fig. 1a).

The direct problem in the axisymmetric case is solved by the panel method (see, e.g., [1, 12]). Rings located
along the body of revolution are used as panels. Let us pass to the cylindrical coordinates x, p, § related to the
Cartesian coordinates x,y, z as y = psinf and z = pcosf and consider the meridional section at § = 0. Then, the
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Fig. 3. Shape of the meridional section of the axisymmetric body obtained by solving the direct
problem: fictitious airfoil contour (1) and axisymmetric body contour (2).

panels in the meridional section of the body are consecutively connected segments {x;, p;}, j =1, N 4+ 1, where N is
the number of panels. The middles of the panels with the coordinates {xj. = (z; + j4+1)/2, pjec = (p; + pj+1)/2}
(j =1, N) are chosen as the control points.

It is assumed that hydrodynamic singularities (sources and sinks) are distributed over the body surface. Let
us denote the intensity of the distributed sources of the jth panel by g; (¢; > 0 for the source and ¢; < 0 for the
sink); the intensity on each panel is assumed constant along the panel. The values of ¢; are found in the course
of solving the problem. Let us introduce the following notation: «; for the angle between the jth panel and the
positive direction of the x axis (a; = tan «;) and ry; for the distance between the current point of integration of
the jth panel with singularities and the control point of the k-th panel (Fig. 3).

The velocity potential ®(z,p) is composed of the free-stream potential &, = Vox and the sum of the
potentials ®;(z, p) induced by hydrodynamic singularities on the panels. The potential at the kth point has
the form

®(wk, pr) = Voo xk+z¢ (K, pr) ooffk—z /Tk (4)
j=1 J

Equation (4) is written in the general form and can be used with an arbltrary choice of the panels and the method

of distributing the singularities. The normal and tangential components of velocity are expressed via the derivatives

of the potential:

0@ (xr, pr) 0P (x, pr) 0®(x, pr)
n b) = = xT a 5
V, (Jik pk) on o Nayk + ap Npk ( )
0@ (xr, pr) 0P (x, pr) 0P (zk, pr)
S I = = x . 6
Ve(zr, pr) P e St g sk (6)
Here ng = —spr = —sinay, and npp = Sgr = cos ag.

In the present work, we consider the case where the hydrodynamic singularities are located directly on the
panels. The expression for the velocity potential at the k-th control point is written as

27 Zj2
N q]\/1+a2// pj 6 dz;

O(xg, pr) = Voop —

= Y Sy
Then, the expression for the normal component of velocity acquires the form
N 205/ 14 a2 (E(mis) = K (),
V= Vet = Z%/ ( P/ ( Pk_pj) + (zp, — x;)?

z;

Ut (on ot pn + (o — ) Elmay) >d4 .

(o1 + pj)? + (zx — 25))\/ (o — p3)? + (2 — 25)?
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where K (myg;) is the complete elliptical integral of the first kind, E(mg;) is the complete elliptical integral of the
second kind, and mr; = —4prpj/\/(pk — p;)? + (z, — ;). Thus, the integral in Eq. (7) has a singularity if the
point k coincides with the point j. To avoid the singularity of the integral at £ = j, the control points should be
shifted into the flow by a distance € from the airfoil contour. The coordinates of these points are ), = z, +enyi and
ph = pr +enpi [3]. The integrals proper are found numerically with the use of quadrature formulas. The experience
of calculating an IIF flow around a sphere shows that the coincidence with the analytical solution (||0]] < 1078) is
reached at distances from the contour equal to 0.01-1.00 of the panel length. In all calculations, the value of ¢ was
taken to be 0.1 of the panel length.

If the panel method is used in the IIF case, the values of g; are calculated from the condition of flow
non-penetration through the body surface:

Va(zk, p) = 0.

In the case of the viscous fluid flow, the condition of non-penetration through the surface of the fictitious airfoil is
used in accordance with the BL model. In this case, the normal component of velocity on the body surface is not
equal to zero:

Vn(xk,pk) = Vn 75 0. (8)
The value of V,, can be found from the continuity equation for the boundary layer on an axisymmetric body [12, 13]

d (Uedy) n Uedr dR’ )
ds R ds

where Ue(s) is the velocity distribution on the surface of the fictitious airfoil in the IIF flow, d;(s) is the distribution

of the BL displacement thickness, and R(s) is the radius of the meridional section.

Expression (8) is a system of linear algebraic equations with respect to unknown g¢;, which is used to find
the velocity distribution on the body surface. The sought velocity distribution on the surface of the fictitious
airfoil Ue(s) and the distribution d1(s) depending on this velocity distribution are included into the right side of
expression (8); hence, the following iterative process is constructed for determining U,(s).

Vi =

1. The initial approximation U™ (s) (n = 0) is taken from the solution of the problem within the framework
of the ITF model.

2. System (8) is solved with allowance for Eq. (9).

3. After the potential ®() (x4, py) is determined, the velocity components AR (zk, pr) along the body
contour are found by Eq. (6).

4. The next approximation Ue(n+1) = Vs(n) is specified.

5. It is assumed that n = n + 1, and the procedure is returned to step No. 2.

The process is continued until the condition |U™ ™ (s) — U™ (s)] < p is satisfied. Then, U™ (s) is the
sought distribution of velocity on the surface of the fictitious airfoil. The distribution of the pressure coefficient
over the body surface can be found by the formula following from the Bernoulli integral:

Cp(0) =1~ (V(0)/ V).
In flow calculations for an axisymmetric BL, the laws of conservation of mass and momentum are written as

d (r*u) N d (rkv)

0s on =0,
(10)
ou Ou _oU 0/, Ou
u58+van_Uﬁs+8n(TV5n)’

where u and v are the components of the velocity vector, U is the velocity on the boundary layer edge, v is the
kinematic viscosity, and r is the distance from the axis of symmetry to the point in the boundary layer. System (10)
describes a plane BL (at & = 0) or an axisymmetric BL (at k = 1). The following boundary conditions are set:

u(s,0) =v(s,0) =0, nhjr;O u(s,n) = U(s).

As the boundary layer in system (10) is thin, then the values of r(s,n) can be replaced by R(s), which
substantially simplifies further calculations. This replacement can restrict the range of applicability of the BL
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Fig. 4. Distribution of the pressure coefficient along the meridional section of the body obtained in
test calculations: (a) body with the thickness smaller than 15%; (b) body with the thickness greater
than 15%; the solid curves are the initial distributions; the dashed curves are the distributions
obtained by solving the IBPA, and the points are the solutions obtained by the Fluent CFD code.
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Fig. 5. Shape of the meridional section of the body obtained in test calculations: (a) body with
the thickness smaller than 15%; (b) body with the thickness greater than 15%; the solid curves
show the initial shape; the dashed curves show the shape obtained by solving the IBPA.

equations (e.g., in the trailing edge, where the boundary layer thickness is sufficiently large, and the radius of the
meridional section tends to zero). Nevertheless, the present numerical calculations, as well as the calculations and
comparisons with experimental data in [12, 13], showed that this assumption can also be used for extremely small
values of R(s), and the values at the last points can be obtained by extrapolation.

Equations of an axisymmetric BL. can be reduced to equations of a plane BL by the Mangler—Stepanov
transformation (see, e.g., [9, 10]):

Further BL calculations are performed for transformed coordinates by the Kochin-Loitsyanskii method (see,
e.g., [2, 9, 10]) or by the Eppler method (see, e.g., [11, 12]).
The drag coefficient is calculated by an analog of the Squire—Young formula for an axisymmetric body [12, 13]

_ 47 R(s)d2(s) (Ue(8)>(H12+5)/2 (11)
x — V2/3 Uoo )

where d2(s) is the momentum loss thickness, V' is the body volume, Uy is the velocity at infinity, and Hya = §1/d3 is
the shape parameter. In contrast to the plane case, the drag coefficient of an axisymmetric body is assumed to be

max Cy(s), because R(s) — 0 in the trailing edge.
5. Test Calculations. To test the method described above, we performed numerical calculations whose
results are plotted in Figs. 4 and 5. The initial distributions of the pressure coeflicient were taken to be those
obtained by solving the direct problem for the bodies considered (solid curves in Fig. 4). In all calculations, we
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Fig. 6. Results of solving the problem of determining the shape of an axisymmetric body: (a) dis-
tribution of the pressure coefficient along the meridional section of the body (the solid curve is
the specified distribution and the dashed curve is the distribution obtained by solving the IBPA);
(b) shape of the meridional section of the body.

used Re = 10%. All the bodies considered have a sharp trailing edge with the outer angle equal to 27, and the flow
is not separated there. For bodies with the thickness smaller than 15% of the chord length (Fig. 5a), the iterative
process rapidly converges (4-6 iterations on the average) with accuracy of ||6]| ~ 107°. The shape of the meridional
section obtained in calculations and the corresponding distribution of the pressure coefficient are shown by the
dashed curves in Figs. 4 and 5.

In addition to slender bodies, we considered bodies of large thickness (solid curve in Fig. 5b). For the
body in a flow without separation, the distribution of the pressure coefficient predicted by the solution of the
direct boundary-value problem of aerohydroelasticity is shown by the solid curve in Fig. 4b. Nevertheless, the BL
calculations predict that the flow becomes separated already at the third iterative step in solving the IBPA. The
separation occurs in the aft part of the body, owing to a negative velocity gradient. It is impossible, therefore, to
obtain the meridional section of the initial body, because the IBPA with allowance for viscosity has a solution only
under the assumption of a non-separated flow. One possible method to overcome this difficulty is solving the plane
IBPA with the use of the IIF model. In other words, the result of calculations based on a specified distribution of
the pressure coefficient is a symmetric airfoil in an IIF flow, rather than a fictitious airfoil. The resultant meridional
section and the corresponding distribution of the pressure coefficient are plotted by the dashed curves in Figs. 4b
and 5b. The iterative process converges after a greater number of iterations (20 iterations). The reason is a more
pronounced effect of viscosity in the aft part of the body. The solution with allowance for the BL presence makes it
possible to determine the angle and the thickness of the trailing edge more exactly. The use of the ITF model (for the
IBPA solution to satisfy the closure condition) reduces the accuracy of this solution, while the allowance for viscosity
in solving the inverse plane problem ensures faster convergence of the iterative process with higher accuracy.

To estimate the reliability of the results obtained, we also performed calculations by the Fluent CFD code.
For this purpose, regular rectangular grids were generated by the Gambit grid generator. The calculations were
performed with the Spalart—Allmaras model of turbulence. The distribution of the pressure coefficient obtained
for the example shown in Fig. 5b is plotted by the points in Fig. 4b. An analysis of the results shows that the
distributions of the pressure coefficient are in good agreement (|5 =~ 10~%).

The drag coefficient is C;, = 0.026 for the initial body and C, = 0.025 for the designed body. The close values
of the drag coefficients are obtained in the calculations because the area S = V2/3 is used as the characteristic scale
in Eq. (11). In other words, if the geometry of the bodies is similar, the changes in the aerodynamic characteristics R,
d2, and U, in Eq. (11) are compensated by the changes in the area of the meridional section.

6. Example of the IBPA Solution for an Axisymmetric Body. As the body geometry is not known in
advance in solving inverse problems, it is necessary to determine the shape of the meridional section for a relatively
arbitrary distribution of the pressure coefficient, i.e., for a distribution that does not correspond to the specified
meridional section. Moreover, the pressure distribution in calculations of a viscous fluid flow should correspond to
the flow regime with no separation.

The solid curve in Fig. 6 shows the initial distribution of the pressure coefficient; the contour of the meridional
section and the corresponding distribution of the pressure coefficient obtained by solving the IBPA are plotted by
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the dot-and-dashed and dashed curves, respectively. The drag coefficient is C;, = 0.026. The pressure coefficient in
the aft part differs from the initial value because it was necessary to satisfy the solvability conditions. As inverse
problems in the general case may fail to have any solutions, we can argue that this means that there is no physically
feasible body for a specified distribution of the pressure coefficient and a specified free-stream velocity.

Conclusions. Thus, the solution of the problem of constructing an axisymmetric body in an ITF flow is
extended to the case with allowance for viscosity by the BL model, which makes it possible to determine the value
of C,. An analysis of results of numerical calculations performed confirms the effectiveness of the iterative method
of solving the IBPA for axisymmetric bodies in a VIF flow. As the method of solving inverse problems and the
numerical method of solving direct problems are used in the process, it is difficult to estimate the convergence of
the method analytically. The numerical calculations performed, however, allow us to conclude that the proposed
iterative method converges rather rapidly (on the average, within 20 iterations or less). The use of the panel method
for modeling the viscous flow in solving the direct problem showed that this method is highly efficient, which ensures
a high speed of codes implementing the method developed.

The author is grateful to N. B. II’inskii for the proposed research topic and useful comments.

This work was supported by the Federal Target Program entitled “Scientific and Scientific-Pedagogical
Personnel of Innovative Russia” for 2009-2013.

REFERENCES

—_

. C. Fletcher, Computational Techniques for Fluid Dynamics, Springer-Verlag, Heidelberg (1988).
. L. G. Loitsyanskii, Mechanics of Liquids and Gases, Pergamon Press, Oxford-New York (1966).
. P. Banerjee and R. Butterfield, Boundary Element Methods in Engineering Science, McGraw-Hill, London

(1981).

4. A. M. Elizarov, N. B. II'inskii, and A. V. Potashev, Inverse Boundary-Value Problems of Aerohydrodynamics
[in Russian], Nauka, Moscow (1994).

5. O. M. Kiselev, “Construction of the body of revolution on the basis of the velocity distribution specified on the
body surface,” Izv. Vyssh. Uch. Zaved., Aviats. Tekh., No. 2, 20-24 (1959).

6. I. I. Eterman, “Determination of the surface of the body of revolution on the basis of the specified pressure
distribution,” Dokl. Akad. Nauk SSSR, 56, No. 4, 351-353 (1947).

7. O. A. Vyachkilev, N. B. II'inskii, G. R. Ismagilova, et al., “Inverse boundary-value problem for a cascade
of airfoils located on an axisymmetric stream surface in a variable-thickness layer,” Zh. Vychisl. Mat. Mat. Fiz.,
36, No. 11, 134-142 (1996).

8. N. B. I'inskii, R. F. Mardanov, and S. A. Solov’ev, “Combined method for solving an inverse boundary-value
problem of aerohydrodynamics for an axisymmetric body,” Zh. Vychisl. Mat. Mat. Fiz., 48, No. 7, 1294-1308
(2008).

9. L. G. Loitsyanskii, Laminar Boundary Layer [in Russian|, Fizmatgiz, Moscow (1962).

10. G. Schlichting, Boundary Layer Theory, McGraw-Hill, New York (1968).

11. R. Eppler, Airfoil Design and Data, Springer-Verlag, Berlin (1990).

12. Th. Lutz, Berechnung und Optimierung Subsonisch Umstromter Profile und Rotationskorper, VDI Verlag,
Dusseldorf (2000).

13. J. L. Hess, “On the problem of shaping an axisymmetric body to obtain low drag at large Reynolds number,”

J. Ship Res., 20, 51-60 (1976).

W N

935




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


