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APPROXIMATE CONFORMAL MAPPINGS AND ELASTICITY PROBLEMS
FOR NONCIRCULAR TUBES

DAMIR F. ABZALILOV, PYOTR N. IVANSHIN AND ELENA A. SHIROKOVA

We present a method for analytic stress evaluation in elliptic and oval tubes based on approximate con-
formal mappings from annuli onto oval and elliptical doubly connected domains. The approximate
conformal mapping is realized by the boundary reparametrization method. We also solve two elasticity
problems for such tubes.

1. Introduction

Elastic deformations of circular tubes always attracted attention of scientists [Yella Reddy and Reid 1979;
Moore 1990; Nayak and Mondal 2011]. Recently the researchers began to consider noncircular tubes
with flattened, quasi-triangular, quasi-square, elliptical, rectangular and hexagon cross sections [Baze-
hhouri and Rezaeepazhand 2012; Baroutaji et al. 2014]. Such tubes can serve, for example, as energy
absorbers in different mechanisms. Also the scientists analyzed the stresses in tubes under different load,
compression and twist deformations applying both FEM and analytical methods [Zheng et al. 2015;
Rizzetto et al. 2019]. Elliptic and oval tubes are manufactured and sold by different modern firms. The
developing analytic technique and the computer progress allow appearance of new analytical evaluation
methods of the tube characteristics.

We apply the boundary reparametrization method [Abzalilov and Shirokova 2017] for construction of
the approximate conformal mapping from an annulus onto a doubly connected domain and then consider
the analytical solution of some plane problems based on the analytic function theory [Muskhelishvili
1977]. Similar problem for a simply connected domain was solved in [Ivanshin and Shirokova 2016].
We apply the formulas of [Muskhelishvili 1977] for evaluation of the tubes torsion. We also consider the
3D element of the tubes with the oval and elliptic cuts and its deformation under bending.

The basic ideas of the boundary reparametrization method were presented in [Shirokova 2014] where
the author constructed a method of the unit disk conformal mapping onto a simply connected domain.
The boundary reparametrization method is based on application of an integral equation solution to find-
ing the reparametrization function #(6), 6 € [0, 2w ]. This reparametrization function transformes the
representation z(¢) of the given domain boundary to the boundary value z(#(6)) of the function analytic
in some circular domain (e.g., the unit disk, the annulus, the unit disk with concentric circular slits). We
restore the analytic function in the circular domain via the Cauchy integral formula after we find the
boundary values of the function.

We find the approximate solution of the integral equation reducing the integral equation to an infinite
linear system and then to a truncated finite system. We reduce the Cauchy integral representation of
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the analytic function in an annulus to a Laurent series in this annulus. We find the essential coefficients
of the Laurent series in order to construct the approximate analytic function in the form of a Laurent
polynomial applicable to further investigations.

2. Laurent polynomial approximate conformal mapping from an annulus onto
an oval cut and an elliptic cut

We approximately map the annuli onto the oval tube cross-section (Figure 1, left) and onto the elliptical
tube cross-section (Figure 1, right) applying the boundary reparametrization method [Abzalilov and
Shirokova 2017].

First we approximate the boundary curves — the interior curve z = z;(¢), t € [0, 27], and the exterior
curve z = z2(t), t € [0, 2m] — of each of the cross-sections by the Fourier polynomials

zj(t) = Z cle, ref0,27], j=1,2.
k=—T;

The boundary reparametrization method is to find the reparametrizing functions 7;(6), 6 € [0, 2x], j =
1, 2, such that the expressions

Z C] iktj(©) _ Z DJ zk9 i=1,2,

k=—T;

are the boundary values (at the interior circle || = r and at the exterior circle [¢| = 1) of a function
analytic in the annulus r < [¢] < 1.

Consider a finite doubly-connected domain D, bounded by the curves z = z;(¢), t € [0, 2], j =1, 2.
We consider at first the analytic in the domain D, function ¢ (z) which maps the domain D, to an annulus
D ={¢ :r <|¢| < 1} and the analytic in D, function log % Let 6;(¢), s =1, 2, be the polar angle of the
annulus boundary point corresponding to the boundary point z;(¢) of the domain D,. We introduce the
function g, (t) = arg z,(t) — 65(¢), s = 1, 2. We apply the necessary and sufficient condition for log %
to be analytic in D, and obtain the integral Fredholm equation for the vector function (g,(¢), g2(?)),

t €[0,2m]:

2
45(1) = — Z / 'Z’( ! (tog12; (@) - 2,01 dr+Z / 4;(7) (arglz; (v) — (1))’ d
s=1,2,

as in [Abzalilov and Shirokova 2017], where Ry =r, R, = 1. Now the principal value singular integral
can be represented as

1 [zl ’
;/0 log jR (loglzj(t) —z; (1)), dt

J

1 [ i(T —t 1 [ i(T

=— log 12, )lcotr dr+—/ log 12, )le(r, t)dr;
2 0 R] 2 T Jo R]
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Figure 1. Shape of the cross-section of the oval (left) and elliptical (right) tubes.

here the kernel L (7, t) is continuous. If the value of r were known, the integral
L7 la@l Tt
log ——co

— dt
21 Jo r

could be calculated via the Hilbert formula. Similar integral equation was applied to find the function
g (t) and the reparametrizing function 7(6) in the case of a simply connected domain [Shirokova 2014].

We do not know the value of r in the case of a doubly connected domain. So we have to differentiate
both sides of the previous integral equation. After integrating the right-hand side of the resulting equation
by parts, we obtain the following relations on the functions g, (7):

1 2 1 27
1 1
ql(t) = — Z - / q;(v) (arglzj(r) — zs(t)]); dr + Z - / [log |z, (0)I1' (log |z, (t) — Zs(f)|); dr,
—0 0 —0 0
’ ! s=1,2.
We separate the singularities in the kernel (log |zs(t) — z4(7)|); in the form of cot ’T’t and obtain the
corresponding integrals with this principal value singular kernel exactly as it was described above.

The final integral equation can be represented as the Fredholm equation with an unknown vector
function M = (¢ (s), g;(s)) in the form of M = AM + B. If the unknown functions have the form

o0
qi() =Y ajcosjt+ B sinjt, t€[0,27], s=1,2.
j=1

we reduce the integral equation to the solution of an infinite linear system with unknown Fourier coef-
ficients of the functions ¢, (t), s = 1, 2. Then we reduce the infinite linear system to a truncated linear
system, a 2D generalization of the following result:

Lemma [Ivanshin and Shirokova 2016]. Let there exist the numbers j, m > 1 and a constant U > 0 so that
‘8j+’”G(t, t)/8tj8rm’ < U and the function Y (¢) possess the bounded second derivative: |Y”(¢)| < T.
Then the approximate solution of the uniquely resolvable Fredholm integral equation of the second kind

21
X(t):/ G(t,H)X(r)dt + Y (1),
0

where Y (¢) is 2 periodic and G(z, t) is 27 periodic with respect to both variables, can be reduced to
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the solution of a finite linear system with error estimated by O (1/N?). Here N is the rank of the finite
linear system.

Now we obtain the monotone functions 6, (¢) = arg z;(¢) — g, (¢), s = 1, 2. Note that one of the functions
qs(t), s = 1,2, can be restored via its derivative with an arbitrary constant summand, e.g. 0, but the other
one must contain the special constant summand, because the function log(z(¢)/¢)/¢ must be analytical
in the annulus D;. So the relation

27 2T
fo q1()0;(2) dt = — /0 q2(1)05() dt

holds true due to Cauchy theorem. We put the expressions 6;(¢) = arg z,(¢) — gs(¢) into the last relation
and achieve the equality

27 2
/0 q1(1)(arg z, (1))'dt + /0 g2(t)(arg zo(1))'dt =0,

which determines the value of the constant summand for the second function ¢, () restored via its deriv-
ative.

After the relations between ¢ and 6 are found at the both boundary components we can obtain the
mapping function z(¢). We restore this function via its boundary values z(¢(6)) by the Cauchy integral
formula. This Cauchy integral and its derivatives vanish at the point ¢ = 0. Therefore the inner radius r
of the annulus D; can be found via one of the formulas

2 2
/ 210" Do] (1) dt 4 r* f 20Vl dt =0, k=1,2,...
0 0

or by the least-squares method.
The Laurent series coefficients of the analytic function z(¢) mapping the annulus r < || < 1 onto the
domain D, can be restored via the formulas

1 2w .
Ck:2—/ Zl(t)e_lkel(t)e(/)(t)dt, k:O, 1,29"'7
T Jo

rk 21

cp = 21(0)e* O (1 dr, k=1,2,....

_EO

We tested the reparametrization method in the approximate conformal mapping of the annulus given
by 2 — V3 < |¢| < 1 onto the doubly connected domain D, = {z } lz] <2, |z—0.5] <0.5}. The function

A V3) -1
r—2-3
gives the exact conformal mapping of the annulus onto the given domain. We took the mapping polyno-

mial with 200 coefficients and compared the values of the exact mapping function and the approximate
mapping function at the points of the circle |¢| = 0.5. The error was less than 0.0005.
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k ax by k ax by k ag by,

—17 —0.00040 0.00001 -5 —0.00165 0.00354 7 —0.00911 0.01532
—15 0.00036 0.00002 -3 —0.04314 0.01779 9 0.00178 0.00723
—13  0.00088 0.00005 —1 0.39657 0.40846 11 0.00195 0.00368
—11 —0.00135 0.00013 1 1.52248 1.44051 13 —0.00121 0.00197
-9 —0.00112 0.00035 3 0.16082 0.12051 15 —0.00035 0.00109
—7 0.00543 0.00103 5 0.00369 0.03707 17 0.00071 0.00061

Table 1. Coefficients of Laurent polynomial for oval cut and for the elliptical cut.

We apply the described reparametrization method for the oval domain and for the elliptical domain.
We find the following analytic functions. The function
-1
> alf)
ar | —
To

17
@)=Y act+
k=0 k=—17
maps approximately the annulus r, < || < 1, (r, = 0.87785) onto the given oval cross-section presented
in Figure 1, left. The function

17 -1 £\
k
= b | —
@O =Y bt + Y by ()
k=0 k=—17
maps approximately the annulus r, < |¢| < 1, (r, = 0.87432) onto the given elliptical cross-section
presented on Figure 1, right. The coefficients a; and by are presented in Table 1. The absolute values of
the Laurent coefficients vanish while the absolute values of their numbers increase. Therefore we take
the essential polynomial coefficients’ indices only in the range [—17, 17]. The other coefficients do not
bring significant difference to the results of calculations.
We apply these mappings to the solution of two elasticity theory problems.

3. Solution of the torsion problem for the oval tube and for the elliptical tube

We consider the boundary shear stresses on the exterior surfaces of the given tubes twisted in the plane
cross-sections over the center point of the cross-section. We base the torsion problem solution on relation
(13) of [Muskhelishvili 1977], Chapter 7: the value of the shear stress on the outer boundary of the
orthogonal cross-section of a tube is proportional to the expression

SO) =

ey Imle” (@) =iz )]

Here z(¢) is the Laurent polynomial mapping the corresponding annulus onto the tube cut and ¢(¢) is
the analytic in the annulus function with the boundary condition

Img(re'?) = [z(re'?)[%/2,

where r = 1 for each tube at the exterior boundary and r = r, for the oval tube or r = r, for the elliptical
tube at the interior boundary.
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Figure 2. Stress S(0) in the twisted oval (left) and elliptical (right) tubes.

The corresponding graphs of the function S(6) for the oval and elliptical tubes are presented on
Figure 2.

We see that the boundary shear stress of each of the given tubes twisted in the plane x Oy over the cross-
section center of symmetry changes from its minimal value to its maximal value in small neighbourhoods
of four symmetrically located boundary points. The maximal shear stress values are larger for the oval
tube. So the oval tube is more destructible then the elliptical one under twisting.

4. Spline-interpolation solution of the bending problem for the oval tube and for the elliptical tube

Consider the stresses at the exterior surfaces of the tubes in the space (x, y, #) with the cut cross-sections
D parallel to the plane x Oy. Let the exterior surfaces of both tubes be fixed at the level # =0 and the
shift in Ox direction on the exterior surfaces at the level # = H equal a. Such a deformation happens
when one bends the tube in Ox direction. We assume that the interior surfaces of the tubes are free
from stresses. For small values of H and a we apply the linear spline-interpolation method [Ivanshin
and Shirokova 2011; Shirokova 2004]. The linear spline-interpolation method of 3D elasticity problem
solution for a tube is to find the stresses in this tube when the displacement coordinates at the points of
a small segment D x [0, H] are assumed to be linear over the coordinate 4. The problem is reduced to
a set of mixed boundary value problems in an annulus.
According to the assumption the coordinates of the displacement vector take the form

u=uo(x,y)+uilx, y)h, v=uvo(x,y)+uvi(x, yh, "
w=wylx,y)+w(x,h, (x,y)eD, hel0, H].
The interior surface null pressure assumption gives the relations

[o%1 cos(n, x) 4+ oy cos(n, y) + o3 cos(n, h)]x:xl(x),y:yl(s) =0, k=1,2,3,

for the points (x, y, i) on the interior surface of the tube segment, where oy;, k, j =1, 2, 3, are tensor
components, 7 is the unit normal to the interior surface at the corresponding point. Note that cos(n, #) =0
on the interior surface of the tube.
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Due to coordinate linearity (1) on £ the latter relations take the following form for the points (x, y) =
(x1(s), y1(s)) of the interior boundary of D:

ou av dug ou vy
{(x [—°+—°+w1]+2u—> dyi(s) — (—0+—) d)ﬂ(s)} =0, (@
ox ay a d 0 x=x1(5),y=y1(s)

ou v vy ou ov
{(A [—0+—0+w1]+2u—) dxi(s) — (—°+—°) d)’l(s)} =0, (3
0x ady dy dy dx x=x1(s),y=y1(s)
Jw ow
{(ul +—> dyi(s) — (U1 +—) dxl(S)} =0, “4)
d dy x=x1(8),y=y1(s)
dJu vy ou dJu v
{(}\ [—14— }+2 —) dyi(s) — (—1+—1> dxl(s)} =0, )
0x ay 0 ay 0 x=x1(s),y=y1(s)
ou ov v ou dv
{(A [_1+—1] +2M—1> dxi(s) — <—1+—1) dyl(s)} =0, (©)
ax  dy dy dy 9 x=x1(5).y=y1(5)
0 0
{%dyl (s) — %dxms)} =0, (7)
X Y x=x1(8),y=y1(s)

where A and u are Lame coefficients.
The boundary conditions on the exterior surface of the tube segment yield the following relations at
the points (x, y) = (x2(s), y2(s)) of the exterior boundary of D:
uo(x2(s), y2(s)) =0, vo(x2(s), y2(5)) =0,  wo(x2(s), y2(s)) =0,
ur(x2(s), y2()H =a, vi(x2(s), y2(s)) =0,  wi(xa(s), y2(s)) =0.
The equilibrium equations

doxg1  dox2  00%3
ox ay oh

must be met everywhere in the tube segment. Due to the displacement coordinates linearity in & the
equilibrium equations take the form

3214() 321)0 owq 82u1 321)1 ! 32Mk azuk 82vk ¢ dwp
A h 2 h*+——; =0,
{ 0x2 + dxdy + dx + < dx2 + 8x8y) }+M Z dx2 + ay? + dxdy + dx

=0, k=123,

k=0
3)
Puy 9o dwy  3%u 32 ! a% Pup  9%v dw
= S T 1+ uid (255 o o R T =0,
dxdy  dy dy axay P 8x8y dx ay
)

duy; v duy vy 3wy *wy  [0%w;  d*w
AM—+— e h)=0. 10
<8x+8y>+u(8x+8y+8x2+8y2+ 8x2+8y2 (10)
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The coefficients with £ in relations (8) and (9) form the system
0 (A+2 ) 8u1 +8v1 0 31)1 8u1
dx H dx dy dy H ax ay
0 (k+2 ) 314] +8v1 n 0 avl 8u1 -0
dy H ox ay ax H ox ay -
which is equivalent to the equation

0 ouq 0V . vy duy
— A 2 - - - :O’
82[(+“)(ax+ay>+’“<ax ayﬂ

where z=x +iy,z=x—1iy. So

(k+2 ) 31/!1 n 31)1 4 81)1 8u1 F ( )
_ JR— 1 R — — s
H ox ay H ox ay e

0,

where Fi(z) is a function analytical in D. Now we express the derivative 38—1(’41 +ivy) in terms of F)
and obtain

, A+3u A+
uilx,y)+ivyx,y)=—— | Fi(g)dz— ———
1(x, y) 1(x,y) 10120 1(2) 10120

where G(z) is a function analytical in D. Finally we have this representation of the plane displacement
vector u1+ivy, analogous to the plane displacement vector representation of [Muskhelishvili 1977]:

2F1(2) + G1(2),

201 (x, y) +ivi(x, ) = —kf1(2) + 2f] (@) + 81 (2),

where N 3
+ 1 +3u
—— | Fi(2)dz= f1(2), —2uGi(z) =g1(2), =
ST 20 1(2) S1(@) nG1(z) =g1(2) P
. . . . 3wy 92wy . .
The coefficient with 4 in (10) yields e + ke 0. So w; = Regq,(z), where g;(z) is a function
X y

analytical in D.
We have to restore the analytical in D functions fi(z), g1(z) and g;(z) using the boundary condi-
tions (5)—(7) on the interior boundary of D and using the given displacements u(x,(s), y2(s))H = a,
v1(x2(5), y2(5)) =0, w1 (x2(s), y2(s)) = 0 at the exterior boundary of D.
So we have the following boundary conditions for the functions f;(z) and g;(z), which are analytical
in D:

TN (o Py a
[1@+2f@+2@)]. L hiy0=0 [FAR+TAD+&1D]_1ip= 2075 (D

The interior boundary condition in relation (11) is the boundary condition of the first boundary value
problem of the plane elasticity theory, the exterior boundary condition is the boundary condition of the
second boundary value problem of the plane elasticity theory [Muskhelishvili 1977].

We have the following boundary conditions for the function ¢ (z), analytical in D:

3
3 ReN @z )4in) =0, [Req1@)]emy(9)4irae) = 0- (12)

The interior boundary condition in (12) is the Neumann condition for a harmonic function which can
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be rewritten as %[Im q1(2))]z=x(s)+ivi (s) = 0; the exterior boundary condition is the Dirichlet boundary
condition for a harmonic function. 5 )
; i = __cpHa —___cna =

Clearly this boundary value problem has the solution fi(z) = YR g1 = A+0H' q1(2) =0,
z€D.

After restoring the components u;(x, y) =a/H, vi(x,y) =0 and w;(x, y) = 0 we reconstruct the
components ug(x, y), vo(x, ¥) and wo(x, y). To do this we apply the interior boundary conditions (2)—(4)
and the exterior boundary conditions ug(x2(s), y2(s)) =0, vo(x2(s), y2(s)) =0, wo(x2(s), y2(s)) =0 and
introduce functions fy(z), go(z) and go(z), analytical in D. We have for these functions the boundary
relations

a

_ B]
[ fo2) +2f§(2) + gO(Z)]zz)m ©rine =0 n [Re go(2) ]y, (s)+iyi(s5) = ~q (13)

[_KfO(Z) + Zf(;(Z) + gO(Z)]Z:xz(s)—ﬁ—iyz(S) =0, [Re CIO(Z)]szz(s)-i-iyz(s) =0.

The boundary conditions in the left column of (13) yield fy(z) = 0, go(z) = 0, so up(x,y) =0,
vo(x, y) = 0, but the problem of the function gg(z) restoration via boundary conditions (14) is not so
easy. Application of the additional mapping from an annulus to the domain D allows us to solve this
boundary value problem. Let z(¢) be the analytic function mapping the annulus r < |¢| < 1 onto D.
Consider xo(¢) = qo(z(¢)). Now in order to restore the function x¢(¢) in the annulus r < |¢| < 1 we
have the boundary conditions

[Re(£ X4 (E)],reir = —%|z’<rei9)|, Re(xo(e'?)) = 0.

This boundary value problem in the annulus is resolvable approximately through the relative series
expansion and coefficient comparison.

We consider z(¢) = z,(¢) for the oval tube, z(¢) = z.(¢) for the elliptical tube, r = r, for the oval
tube, r = r, for the elliptical tube and examine the resulting exterior boundary stresses for the oval and
elliptical tubes.

We find the absolute value of the stress vector v/ 031 + anz at the level 4 = 0 on the exterior surfaces
for both tubes and for « = 2. The formula expressing the stresses value dependence on the polar angle is
100a V,(8)/H for the oval tube and 100a V,.(6)/H for the elliptical tube. The graphs of V,,(6) and V,(6)
are shown in Figure 3. The maximal absolute value of stress vector for the bent tube reaches maximum
both at the bending points and at the points opposite to them, this maximal value for the elliptical tube
is larger than that for the oval one but the difference is not essential.

0.12 0.12
Vo Ve

0.08 0.08

0 0

0 1 2 3 4 5 6 0 1 2 3 4 5 6

Figure 3. Stresses in the bent oval (left) and elliptical (right) tubes.
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5. Conclusion

The conformal mapping method presented here is computationally efficient for twisted and bent tubes
with noncircular cross-sections. It provides us with a Fourier polynomial mapping function. This ap-
proximate conformal mapping method makes it possible to apply the conformal mapping approach to
many problems of elasticity.
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