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Abstract. The so-called r-analytic functions are a subclass of p-analytic functions
and are defined by the generalized Cauchy-Riemann system with p(r,z) = r. In the
system of toroidal coordinates, the real and imaginary parts of an r-analytic function
are represented by Mehler-Fock integrals with densities, which are assumed to be mero-
morphic functions. Hilbert formulas, establishing relationships between those functions,
are derived for the domain exterior to the contour of a biconvex lens in the meridional
cross-section plane. The derivation extends the framework of the theory of Riemann
boundary-value problems, suggested in our previous work, to solving the three-contour
problem for the case of meromorphic functions with a finite number of simple poles. For
numerical calculations, Mehler-Fock integrals with Hilbert formulas reduce to the form
of regular integrals. The 3D problem of the axially symmetric steady motion of a rigid
biconvex lens-shaped body in a Stokes fluid is solved, and the Hilbert formula for the
real part of an r-analytic function is used to express the pressure in the fluid via the
vorticity analytically. As an illustration, streamlines and isobars about the body, the
vorticity and pressure at the contour of the body and the drag force exerted on the body
by the fluid are calculated.

Introduction. The theory of analytic functions of a complex variable has been and
continues to be one of the most efficient analytical frameworks for solving two-dimen-
sional (2D) problems in a variety of applications of mathematical physics, in particular,
the theory of elasticity and hydrodynamics [10, [24]. For example, a displacement vector
in planar problems for an elastic media is expressed by Kolosov-Muskhelishvili formulas
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[24], which are linear combinations of two analytic functions and their derivatives. In
the hydrodynamics of 2D Stokes flows, the Cauchy-Riemann system arises from the
relationship between the vorticity and pressure in a fluid. This fact allows one to express
the pressure via the vorticity analytically. Consider the last case in detail. The Stokes
model [10] 14, 22] determines the behavior of a viscous incompressible fluid under low
Reynolds numbers

(0.1)

curl (curlu) = — grad 6,
divu = 0,

where u is the velocity vector of the fluid particles, and 8 corresponds to the pressure &2
in the fluid (6 = £2/p, where p is the shear viscosity). Defining the vorticity by

w = curlu, (0.2)

we obtain from the first equation in (@) that the vector w and the function 6 are related
by

grad § = — curl w. (0.3)
Suppose that 2D Stokes flows are considered in the (z,y)-plane in cartesian coordinates
(z,y,2z). Then w has only one nonzero component, namely w = (0,0,w,). In this

case, equation (0.3) reduces to the Cauchy-Riemann system for an analytic function
F =0+iw,, where i = v/—1. Consequently, if we know the value of the imaginary part,
w,, at the boundary of some 2D domain, then we can obtain the value of the real part,
6, at the same boundary by Hilbert formulas [6], and vice versa.

The theory of analytic functions is not used to the same extent for solving three-dimen-
sional problems (3D) in the aforementioned applications. For example, for an arbitrary
3D Stokes flow, the vorticity w has three components, and relation (03] is equivalent
to three scalar equations. However, in the case of axially symmetric 3D Stokes flows,
the vector w can be represented by one scalar vortex function, w. Indeed, let (r, ¢, z) be
a system of cylindrical coordinates with basis (e,,e,, k), and let the z-axis be the axis
of symmetry. In the axially symmetric case, the vector u is independent of the angular
coordinate ¢, and thus, w = we,. Consequently, since § and w depend only on 7 and z,
the vectorial equation (03] reduces to the generalized Cauchy-Riemann system

g:%%(rw), %:—%%(rw), (0.4)
which defines a so-called r-analytic function F(r,z) = 6(r,2) + irw(r, z), where the
functions € and rw are considered to be real and imaginary parts of the r-analytic
function, respectively. System (04 implies that 6(r, z) and w(r,z) are harmonic and
1-harmonic functions, respectively, i.e.,

A0 =0, Ajw =0, (0.5)
where Ay denotes a so-called k-harmonic operator
0? 10 0% k?
oz rar 922 %
with A = Ag. Establishing existence and uniqueness of solutions to (0.5 under the
condition that the values of the functions # and w are given at the smooth boundary 02

Ay = (0.6)
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of a domain 2 in the meridional cross-section (r, z)-plane is a Dirichlet problem, which is
discussed in 3D potential theory [26]. For the domain exterior to &, a harmonic function
vanishing at infinity in 3D space is uniquely determined by its boundary value at 2.

System (L4 provides only one of the possible generalizations of the classical Cauchy-
Riemann equations, and consequently, defines only a particular class of generalized ana-
lytic functions. The theory of generalized analytic or pseudoanalytic functions has been
mostly developed by Bers [3], Polozhii [19] and Vekua [25]. For example, r-analytic
functions are a special case of p-analytic functions [I9] when p(r,z) = r. They are en-
countered in different areas of mathematical physics, in particular, the theory of elasticity
[8, 19, 24] and hydrodynamics [24, [32] [34]. For domains determined by the surface of
bodies of revolution in the meridional cross-section plane, Polozhii [I9] obtained integral
representations for p-analytic functions via analytic functions and generalized Kolosov-
Muskhelishvili formulas for axially symmetric problems of the linear theory of elasticity.

Of special interest is the problem of obtaining Hilbert formulas for r-analytic func-
tions in different domains described by systems of separable coordinates. As in the case
of analytic functions, Hilbert formulas relate the real and imaginary parts and are used in
problems of axially symmetric Stokes flows to express the function 6 via the vortex w ana-
lytically. If in curvilinear coordinates, harmonic functions € and w are represented by in-
tegrals with densities that are analytic functions, then the Generalized Cauchy-Riemann
system (@4) reduces to a pair of equations for those analytic functions. Strictly speak-
ing, by Hilbert formulas we will understand the relationships between those functions.
Integral and series representations for r-analytic functions in domains exterior to the con-
tour of bodies described by cycloidal coordinates (lens, spindle, torus and two-spheres)
in the meridional cross-section plane are discussed in [24]. It is worth mentioning that
Hilbert formulas can also be derived by integrating the generalized Cauchy-Riemann sys-
tem (0.4) analytically. Indeed, from system (0.4]), functions 6 and r w can be represented
by integrals

ror

O(r,z) = L/ (g—z) dr — laﬁ (rw) dz) + 0(ro, 20),

rw(r,z) = /r (gi dz — gZdr> + row(ro, 20),
L

along some smooth curve L from point (rg,z9) to point (r,z). Using this approach,
we obtained Hilbert formulas for an r-analytic function in bi-spherical coordinates [32].
However, this approach is cumbersome and substantially depends on peculiar properties
of special functions associated with a corresponding system of curvilinear coordinates.
For example, in the case of toroidal coordinates, we anticipate extensive analytical com-
putations in derivation of the Hilbert formulas by integrating system (0.4 analytically.

In our previous work [31], we derived Hilbert formulas for the domain exterior to the
contour of a spindle in the framework of the theory of Riemann boundary-value problems
[6]. We represented functions # and w by Fourier integrals in bipolar coordinates and
reduced system (04]) to a so-called three-contour problem for the densities of those inte-
grals in the infinite strip —1 < Rep < 1. We assumed that the densities were functions
meromorphic in the strip with only two simple poles at u = :I:%. Then, using conformal
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mapping, we reformulated the three-contour problem as the Riemann boundary-value
problem for finding an analytic function in the plane with the branch cut along the
segment [—1,1]. A solution to this problem was represented by a Cauchy integral, and
boundary values of that solution at the upper and lower banks of the branch cut were
expressed by the Sokhotski formulas [6].

In this paper, we derive Hilbert formulas for an r-analytic function for the domain
exterior to the contour of a biconvex lens in the meridional cross-section plane and
apply these formulas in the 3D problem of axially symmetric steady motion of a rigid
biconvex lens-shaped body in a Stokes fluid. Using Mehler-Fock integral representations
for  and w in toroidal coordinates (see [20] 24]), we reduce (4] to the same three-
contour problem for the densities in the Mehler-Fock integrals that was obtained in [31]
for the corresponding densities in the Fourier integrals. However, in contrast to [31],
here we assume that the densities are from the class of meromorphic functions with an
arbitrary number of simple poles in —1 < Rep < 1. Extending the approach of the
Riemann boundary-value problems [31] to solving the three-contour problem for this
class of meromorphic functions, we show that the Hilbert formulas are exactly those
that we obtained in [31I]. Since Hilbert formulas are expressed by singular integrals, for
numerical calculations, we reduce the Mehler-Fock integrals with the Hilbert formulas to
the form of regular integrals.

In the second part of the paper, we solve the 3D problem of axially symmetric steady
motion of a rigid biconvex lens-shaped body in a Stokes fluid. A classical approach to
constructing analytical solutions for 3D problems of axially symmetric Stokes flows is
based on the notion of a scalar stream function. This approach was originally suggested
by Stokes [22] who made use of it in the study of steady motion of a rigid sphere in a
viscous incompressible fluid under low Reynolds numbers. Since then the stream function
approach was successfully applied for studying axially symmetric Stokes flows about rigid
bodies described by cycloidal coordinates: spherical cap [5l, 24], two-spheres [211 [30],
torus [7, 9 13| 18, 23 24, 29], lens-shaped body [5l 24], 27], and spindle-shaped body
[17, B, 32 [34]. However, in the case of cycloidal coordinates, this approach does not
allow one to express the pressure in terms of a stream function. To our knowledge,
analytic formulas for the pressure in the mentioned studies were obtained only for a
torus [24] and a spindle-shaped body [31, [32] by corresponding Hilbert formulas. In this
paper, we solve the problem of the steady axially symmetric motion of a rigid biconvex
lens-shaped body in a Stokes fluid using a stream function similar to that proposed in
[31]. However, in contrast to the stream function in [31], the one in this paper includes an
additional term to provide proper representations of boundary conditions in the form of
Mehler-Fock integrals. This term corresponds to the solution for the problem of axially
symmetric steady motion of a rigid sphere in the Stokes fluid and is different from those
suggested in [16, 24]. Using the Hilbert formulas derived in the first part of the paper, we
obtain an analytic expression for the pressure in the fluid, based on which we calculate
épures of the pressure at the contour of the body and isobars about the body. In addition,
we calculate streamlines about the body, épures of the vorticity at the contour of the
body and the drag force exerted on the body by the fluid.
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The paper follows closely the structure of our previous work [3I] and is organized
as follows. Section [I] represents an r-analytic function in the domain exterior to the
contour of a biconvex lens in the meridional cross-section plane. Section 2l derives Hilbert
formulas for r-analytic functions in the framework of the theory of Riemann boundary-
value problems for analytic functions. Section [} solves the problem of steady axially
symmetric motion of a rigid biconvex lens-shaped body in a Stokes fluid. Section @
obtains analytic expressions for the pressure and drag force exerted on the body. Section
concludes the paper. The appendix proves the proposition on representations for the
Mehler-Fock integrals with the Hilbert formulas in the form of regular integrals.

1. An r-analytic function in the domain exterior to a biconvex lens. Let
(r, ¢, z) be a system of cylindrical coordinates with basis (e,, e,, k), and let the z-axis be
the axis of symmetry. In the meridional cross-section (r, z)-plane, toroidal coordinates
(&,m) are introduced by

sinh § sinn 0<€ < +o0o,
r=c————, z=c———, (1.1)

cosh & — cosn cosh & — cosn —m<n<m,
where ¢ is a metric parameter of toroidal coordinates. A biconvex lens is an axially
symmetric body, whose contour in the (r, z)-plane consists of two symmetric circle arcs
n =1 and n = —1g (see Figure 1). For example, the surface of the biconvex lens for

no = 5 forms a sphere.

E=—0

§=-¢ o ——
7

Fic. 1. Toroidal coordinates and biconvex lens-shaped body

In the system of toroidal coordinates, derivatives %, % and the k-harmonic operator

Ay, defined by (06, take the form

2:_1 (coshfcosn—1)£+sinh§sinn£ ,
o ¢ 0% on (1.2)
o 1( .. 3 0 '
%= (smhfsmna—g — (cosh{ cosn — 1)5‘_77) ,
_ (cosh§ —cosm)® (02 &% _ sihE ) 9
Ar = c2 0&2 Jr8772 | coths cosh& —cosn ) O

_osinp 0K
coshé —cosnOn  sinh? ¢)
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Let F(r,z) = 0(r,z) + irw(r, z) be an r-analytic function satisfying system (0.4]). In
this case, 6 and w are harmonic and 1-harmonic functions defined by ([@3)). In the domain
exterior to the contour of the biconvex lens in the (r, z)-plane, an arbitrary k-harmonic
function is represented by a Mehler-Fock integral with respect to the variable £&. The
reader interested in the Mehler-Fock integral transform and its applications may refer

o [20] 24]. Thus, in toroidal coordinates, functions 6(§,n) and w(&,n) take the form
[12] 24]:

+ioco
1 .
__ﬂw/coshf —cosn / X () P7%+H(c05h§) e dp,  —ng <n<mno, (1.3)
—100
1 +i00
sl = g eo€ —cosn [ V(0 P, (cosh) €M, o <n<m. (1)
—100

where P(fi +M(cosh§) is the associated Legendre function of the first kind of complex

index p, see [I]. For k = 0, the upper index (k) is omitted. In the case of Rep = 0,

P(fiﬂt(cosh €) is called a toroidal function. At 7 — oo, the function P(fiJr”(COSh £),
2

T EQR, for £k = 0,1 behaves as

P_ h
3t (cosh &) ~ V 7T smhf ’

(1)
P L

(cosh§) ~ —

Consequently, we require functions X (i7) and Y (i7) in the Mehler-Fock integrals (L3)
and (I4) to have exponentially fast convergence Ce "l at 7 — oo, where C' is a
constant, and v > 7.

Note that the harmonic functions  and w represented by ([3)) and (I4), respectively,
vanish at infinity, 72 + 22 — oo, that is, at £ — 0 and n — 0. This guarantees
uniqueness of solutions to a Dirichlet problem for (0.F]) in the domain of consideration.

ProprosITION 1.1. Let functions # and w be represented by the Mehler-Fock integrals
([C3) and (T4, respectively. Then the equation 99 = 92 relating the functions 6 and w

in (@), is equivalent to the equation 22 = —1.2 (rw).
Proof. We will show that under the conditions of the proposition, the equation % =
g—“z’ implies % = —%% (rw). The converse can be proved similarly. Recall that § and w

satisfy: Af =0 and Ajw = 0, respectively. Consequently, substituting % = g—“z’ into the

equation Af = 0, we have:

19 a_w _1_@—0 — 12( )_i_%— ()
ror \" oz 022 7 Or 0z

where f (r) is an arbitrary function, which depends only on 7. Similarly, substituting

g‘;’ = @ into the equation Ajw = 0, we obtain:

10 00
T or (rw) + P 9(z2),
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where g(z) is an arbitrary function depending only on z. The last two equations can hold

together only if f(r) = g(z) = ¢, where ¢ is a constant. Now we need to show that ¢ = 0.
Multiplying equations gf = ‘3‘;’ and ¢ 89 = —%% (rw) + ¢ by dr and dz, respectively, and

integrating the sum of the two products along a smooth open curve from point (71, 1)
to point (re, 22), we obtain

(T2>z2)
0 10 -
O(ra, z0) — O(r1,21) = / (8(;} dr — e (rw) dz> + (22 — 21). (1.5)

(r1,21)

Note that the integral in this expression is uniquely determined, i.e., the integral value is

independent of the curve L connecting the points (r1, z1) and (rg, 22). Indeed based on

Green’s Theorem, the integral f(w’zz) (Qdr + Rdz) is uniquely determined i 99 _ % =

0. In this case, R = %2, :—%%( w), and, thus, 2 (%2)+ £ (1 2 (rw)) = Alw_O

Now suppose that the left-hand and right-hand sides in (LX) are evaluated at v, = 0,

1“210’3’% , 7o = 0, and 2o — 00, and the integral in (3] is calculated

along the line L connecting the points (r1, z1) and (72, 22). In toroidal coordinates, these

some fixed z; > ¢

points correspond to & = 0, some fixed 17; < 79, & = 0, and 72 — 0, respectively, and
the line L is determined by £ = 0 and 7; < 1 < n9. Obviously, the Mehler-Fock integral
([T3) converges for & = 0, 1, and & = 0, 72 — 0, and consequently in this case, the
left-hand side in (LH) is bounded. If we show that the integral in (5] converges, then
this will mean that ¢ should equal zero since (29 — z1) — co0. Using the relation

Ow 10 sinn Ow
7, dr =S gy rw)dz= (m“‘ a_n) dz

Ow (cosh&cosn —1)
+ (8_5 ~ sinh & (cosh & — cosn) w) dn,

coupled with representation ([4)), and taking into account that at the line L, d§ = 0, we
obtain

2

Ow 10 . 0w (cosh{cosn—1)
/ (82’ dr r or (rw) dz> nl;go hm (8& sinh € (cosh & — cosn) @) | dn
L

m

2 +i00
= limo / \/ 1 —cosny / Y () e du | dn
’r, e
’ m L —100
“+100

n _ inu] |2
2\fm nl;go Y () [(cos? —2ipsinl)e ”m du,

—100

where the change of the order of integration is valid, because the integral in the second
line, sz;o (1 — 1) Y (n) e dp, is convergent for all 5 € [n2,m1] C [0,10] based on the
assumption that Y (it) ~ Ce "l at 7 — oo, where v > 7y. Obviously, the last
obtained integral in the third line is convergent for 1, = 0. Consequently, in this case,
expression (5] can hold only if ¢ = 0.
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Now consider the converse, i.e., that the equation 2 — —%% (rw) implies % = ‘g—‘:.

0z
t 89 = dw + , where ¢ is a constant. Showing that

By similar reasoning, we obtain tha 5

the derivatives % and ‘g—‘: are finite at r— 0, we conclude that ¢ = 0, and the statement

is proved. O
Proposition [[J] means that for deriving a relationship between X ( ) and Y(u) it is

enough to consider merely one of the equations in (0.4]), for example, 2 dr = g—j.

2. Problem for an analytic function on three parallel contours. Let ¢/, and
Mqp) be the spaces of functions that are analytic (holomorphic) and meromorphic in
the strip a < Re u < b, respectively, and have exponentially fast convergence at |u| — oo,
i.e., vanish as Ce= 7! where C is a constant, and v > 79. We define the following spaces
of functions:

e Space .#[o,): functions have simple poles at pg = % and u; with Re ,uz € (%, 1],
1 < k < ny.

e Space .#|_1,: functions have simple poles at p, = —3 and py, with Rep, €
[-1,- ) 1<k <no.

e Space .#_1): functions have simple poles at uj = 7 to = —%, p with
Re,u;:e(%,1],lgkgnl,andugwithReu;E[ 1,— ) 1<k <no.

e Space ///[?z,b] C M|qp): functions have simple poles at p1 = j:% only.

Suppose X (u), Y(u) € M_11) and 1 € [=no,n0]. Under these assumptions, the
following relations hold:

1

+i00
O Ve —osn [ (X(u+ 1) = 2X(0) + X(u— 1) P (coshe) e
2
—1i00
: > Res [X(p)] P _(cosh§) el +D
1 k= 1 H B 5t Hy
+ —+/cosh{ — cosn L ’
x 55 Res [X(]PY)  (cosh§) e D
k=1 p=p} —5 g
(2.1)
+i00 1) ) Y( )
___\/7_ Y(p+1)—2pY(u e)) inp
= cosh § — cos / ( 7% Y(u—1) )P_%Jm(coshg)e du
—1i00

> Res [Y(u)] (b — 3) Py, ,-(cosh§) ein(py +1)

+ 2% cosh & — cosn k:lnlu=u;. T,
-3 Res V()] (1 + )P B +(cosh &) e —1)
k=1 p= Hk

(2.2)
The derivation of these formulas is similar to that discussed in the appendix in our paper
[31]. Substituting 21) and ([22]) into the first equation of system (0.4]), we obtain an
equation for X () and Y (p):

X(p+1) =2X()+X(p—1) = (u+3)Y(p+1) =2uY () + (p—3) Y(n—1),
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where p =i, 7 € R, and we have the additional conditions

Res X(1) = Res [(p+3)Y(n)], 1<k <ny,

p=py p=pit (2.4)
Res X(pu) = Res [(n—3)Y(p)], 1<k<no. ‘
H=py H=[y

Equation (2.3]) and conditions (2.4]) are the problem on three parallel contours for finding
either X (p) given Y () or Y (u) given X (u) at the contour Re u = 0. Note that despite
functions X (p) and Y (p) having poles at p = +1, the function P(_l)%_w(cosh&) has nulls
at pu = :I:%, and consequently, there is no condition such as (Z4]) for u = j:%.

In our work [31], we solved problem ([23) for functions X (i) and Y (1) meromorphic
in the strip | Re u| < 1 that had only simple poles at p = :I:%. In this paper, we extend
the approach developed in [3I] to finding meromorphic functions X (i) and Y () that
solve problem (3] subject to conditions (2.4)) in the case of X (u),Y (1) € A1 1.

If X(u) € AM_11) or Y(u) € M_1 1) solves ([Z3) subject to conditions (24, then
X(p) or Y(u) is unique. Indeed, suppose that Xy(u) € #_1q) and Xo(pu) € A1 1

both satisfy 23) and 24), and X;(u) # Xa(p). Since Res Xi(p) = Res Xo(p),
H=Hy M=y
k # 0, this means that Xo(u) = Xi(u) — Xo(p) is a solution to the homogeneous

equation (23) such that Xo(u) € L///[(ll)l]. The same reasoning is applied to the function
Y (u). Consequently, solutions to homogeneous equations of problem (Z3]) subject to
conditions (24]) are from the class L///[O_M], i.e., are the functions meromorphic in the
strip —1 < Rep < 1 with simple poles at u = :i:% only and having exponentially fast
convergence at |u| — oco. In this case, we merely need to restate Proposition 1 [31 p.
1275] and Proposition 2 [31], p. 1278] drawing attention to the fact that in [31], the space
A1) coincides with ///[0—1,1]'

PROPOSITION 2.1 (Homogeneous solutions). The only Xo(u) € ///[0,1 ; and Yo(u) €
J//[O—Ll} that solve the corresponding homogeneous equations for (2.3):

Xo(p+1) =2Xo(u) + Xo(p—1) =0, Rep=0, (2.5)

(h+3)Yo(u+1) =2uYo(w) + (p—3) Yo(p —1) =0,  Repu=0, (2.6)
subject to ([2.4]), are zero functions, i.e., Xo(p) = 0 and Yp(p) = 0.

Proof. See proofs of Propositions 1 and 2 in [31], pp. 1275, 1278]. O
This proposition implies that X (1), Y (1) € .#[_1 1) solving equation (23) are unique.

THEOREM 2.1 (Hilbert formulas in the case of X (1), Y (1) € #[_1 17). Let the real and
imaginary parts of an r-analytic function be represented in toroidal coordinates by the
Mehler-Fock integrals (L3)) and (IL4)), respectively, and let X (), Y (1) € A1 1
(1) At the contour Re p = 0, the function X (u) is represented by the Hilbert formula
for the real part of the r-analytic function
' +ioo
X(p)=pY(p) — m f Y(v) % dv, Repu=0. (2.7)

—100
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+1i00
(2) If [ X(p)du = 0, then at the contour Rey = 0, the function Y (u) is repre-
sel;ted by the Hilbert formula for the imaginary part of the r-analytic function
+ioc0

1 i cos[mv]
Y(p)=———7 | X(u +7/XV ——F dv |, Repu=0, (2.8
(1) p?— % (1) 2 cos|mu] 7 ( )sm[ﬂ(v—u)} (28)
where the notation f means the Cauchy principal value or v.p. (valeur principale) of a
singular integral.

Proof. First, we prove formula ([27). For Rep = 0, equation (Z3]) may be rewritten
as

[(X(p+1) = X ()] = [X(p) — X(p—1)]

[+ DY+ D)~ (- B Y]~ [+ 5 Y0 - (- H Y- &
Introducing a new function Z(u) by
Z(p+1) = (X (1)~ X))~ [(+3) Y+ 1)~ (u— 5) Y ()],
X ) (2.10)
Z(p) =X () = X(p=D] = [(p+3) Y1) = (1= 3)Y(n-1)],

we reduce equation (Z3)) to
Z(p+1)—Z(u) =0, Rep =0,

where Z(u) € ///[%’1], since by virtue of conditions (2:4)), the function Z(u) does not have
poles at p = ,u,j, 1<k<ng,and p=1+p;, 1<k < ny. This is the same problem as
(18) in [31] p. 1275], where it is shown that the only solution to this problem from the
class .4 ;) is Z(p) = 0. (In [31], the space .#o 1) coincides with . ;;.) Thus, we have

Xp+1) =X =@p+3)Y(p+1)—(p—3)Y(u), Reu=0, (2.11)
X(w) = X(p-1)=(pu+5) Y- (n-3)Y(—-1), Reu=0. (2.12)
It is sufficient to solve only (ZII)) for X(u) € 1) given Y (u) € #oy). It can be

shown that solutions to ([211]) and ([ZI2]) provide the same X (u) at Re u = 0.
Representing X (p) by

X(0) = (u+ 1) Y () + X(u), (2.13)
where X is a new function, we reformulate equation (ZIT]) for X (u):
K(u+1)— X(u) = Y(n), Rep=0. (2.14)

According to [ZI3), we have
Res X (1) = Res [(u+3)Y(1)] + Res X(n), 1<k<n.

p=pi =i p=pit
Taking into account condition (Z4]), we see that Res+ X(u) =0,1<k<n;. But
H=Hy

this means that X (x) has only a simple pole at u = 3, that is, X(p) € ///[% jj- For
the class of meromorphic functions, ///[%71], problem (ZI4) is solved in [3I]. By the
conformal mapping z = i tan[ru|, (2.14) reduces to a Riemann boundary-value problem
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for a function meromorphic in the complex plane z with the branch cut along the segment
[-1,1] and having a single simple pole at infinity. For details, see problem (24) in [31]
p. 1277] remembering that in [31], .#,1) coincides with ///[%71]. Within the open strip
0 < Rep < 1, the function X (u) € L///[%J] that solves (2.I4)) is obtained from a Cauchy-
type integral and takes the form
) +ico -

5 i cos[mv

X(p) = ~Scoslr] / Y(v) e dv, Rep€(0,1). (2.15)
At the contours Re p = 0 and Re u = 1, the boundary values of the same solution, X(,u),
are determined based on the Sokhotski formulas [6l B1] (also known as Sokhotski-Plemelj
formulas) and are given by

. “+i0c0
X(p) = —%Y(u) - m . Y(v) % dv, Rep=0 (2.16)
and ‘
. “+100
X(u+1) = %Y(M) - m f Y (v) % dv, Rep=0.

—100
Substituting (216) into (Z13), we obtain the Hilbert formula (7).

To prove formula ([2.8)), we consider now equation ([2.9) with respect to Y (u1). Repeat-
ing the same arguments as in the proof of formula (2.7), we obtain equations (ZI1]) and
[2I2), which we now solve with respect to Y (u). It is sufficient to solve equation (Z.IT)
only. It can be shown that the solutions to (ZII) and [2I2]) provide the same Y (i) at
Re p = 0. Multiplying (I by (u + ), we represent function Y (u) by

1 O 1
V() = 5 (V00 + (= ) X)), (2.17)

where Y (1) is a new function. The crucial point here is that ¥ (1) belongs to the space
of o7y 1). Indeed, from ([2.17), we have

Y= (u—3) ((p+3) Y - X(w).
Based on condition ([24]), we conclude that Res+ Y(u)=0,1<k<ns,and Res Y(p) =
K= n=z
0. Consequently, equation ([ZII]) reduces to a problem for finding the function Y(u)
analytic in 0 < Re p < 1 with exponentially fast convergence at || — oo:

2

Y(p+1)—Y(u) = —X(u), Rep=0. (2.18)

This problem is similar to (2I4). However, while the function X (x) in (ZI4) has a
simple pole at y = %, the function Y (1) in (ZI8) does not. Consequently, integrating

+i00
equation ([2IR) at the contour Rep = 0, we obtain 7 [ X(u)dp = 0. This means
that the function X (1) should necessarily satisfy this condition. For the class of analytic
functions, %7 1}, problem (2.I8)) is the same as (33) in [3T], p. 1279] solved by the approach
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similar to that for (2I4]). Analogously, within the open strip 0 < Re u < 1, the function

Y (u) € o), satisfying (ZI8), is given by a transformed Cauchy-type integral:

+i00
- i cos[mv]

Y () dv, Rep € (0,1). (2.19)

B 2cos[mp] v sin[m(v — p)]

—100

At the contour Re = 0, the boundary value of the same Y (1) is determined based on
the Sokhotski formulas [0, B1] and takes the form

+100

S i 5 cos[mv] 5 ol —
Yw) = QX(M) * 2 cos[m ] / X(v) sin[r(v — p)] dv, Rep=0. (2:20)

—100

In contrast to (ZIF), the function ([ZI9) has no pole at = by virtue of the condition
+i00
| X(v)dv =0. Substituting (Z20)) into ([2.I7), we obtain the Hilbert formula (2.8). O
—100
The Hilbert formulas ([Z7) and (28] are expressed by singular integrals; consequently,
they require special treatment in numerical implementation. We derive formulas for

efficiently calculating double integrals in (IL3) with 27) and in (I4]) with 3.

PROPOSITION 2.2 (Mehler-Fock integrals with Hilbert formulas).
(1) If the function Y (u) is represented at Re p = 0 by the Hilbert formula (28], then
the function w(&, n) takes the form

7241 P(*l)%JriT(COShf) e T+ G1(§7777T)> dr,
1

+oo
w(é,n) = ﬁ\/coshf—cosn / X(iT) (

(2.21)
where

¢
ot (e’”fg(nmt) Veosh € — cosht dt + 2 hi (€, n) sing) :
0
Gl(ﬁﬂ?ﬁ)z ,’77507

¢
77'rs\i/n§h§ {coth% sin[7t] v/cosh& —cosht dt, n =0,
(2.22)
sinh ¢ sin[rt] — sinn cos[rt]

t) = 2.23
g0m,7 1) cosht — cosn ’ (2.23)

7r sinh? &
hl(i,n)< 1+,221>, n#0. (2.24)

V2 sin” 7

Both integrals in ([2:22)) are regular and can be efficiently calculated by a Gaussian quad-
rature.
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(2) If the function X (i) is represented at Re u = 0 by the Hilbert formula (Z7), then
the function (&, n) takes the form

+oo
n) = Lﬂ\/coshf — cosn / Y (i) (T P_1yi,(cosh§) e — Ga(&,m, 7—)) dr,

(2.25)

where

[ T,t)e " (i cosht + icoshf) v/cosh & — cosh t

(n,
%68_ (g(n, 7,t)e™"") (cosh & — cosh t)%} dt

Ga(&m,7) = %%a n# 0,

3
er‘l/]zf Of(coth sin[7] (2 cosht + 4 cosh & — 1)
+7 cosh? L cos[rt]) y/cosh& — cosht dt, 1 =0,
(2.26)

and g(&, 7,t) is defined by ([2.23). Both integrals in (2.26)) are regular and can be efficiently
calculated by a Gaussian quadrature.

¥
S
C—m

Proof. The proof of the proposition is given in the appendix and is similar to that of
the formulas for Fourier integrals with the Hilbert formulas; see [31]. O
REMARK 2.2 (Function 0(¢,7)). If we represent P_1 |, (cosh§) by
—+oo

ez‘rt

P . hé) = ——dt
—a i (cosh.£) \/cosht + cosh &
—o0

1
—-—=cosh|nmT
s [77]
see [1]], then the function (m takes the form

+oo
cosh[mTy] eT(=1) qr

27r\/_ \/m / sinh[r(r; — 7)]

— OO

GQ(EanaTl) = dt

(2.27)

+oo
_ cosh[rr] e™ " / cos[rit] sinn + sin[rt] sinh ¢
- ™2 (cosht 4 cosn)+/cosht + cosh &

Expression (227)) is simpler than (2:26]). However, though ([Z.27)) is a regular integral, it
is a Fourier integral on an infinite interval. Consequently, from a computational point
of view, the representation (2.26) is preferable. We used formula (227)) to verify (2.20)
numerically.

3. Axially symmetric Stokes flow about a biconvex lens-shaped body. Let
us consider the axially symmetric steady motion of a rigid biconvex lens-shaped body in
a Stokes fluid. In this case, the velocity vector of the fluid particles, u, satisfies the Stokes
model ([@T)). Suppose that the body moves in the fluid with constant velocity Vj along
its axis of symmetry; see Figure Bl Let (r, ¢, 2) be a system of cylindrical coordinates
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with basis (e,, ey, k) such that the z-axis determines the body’s axis of symmetry. Then
the boundary conditions for u are determined on the surface S of the body by

ulg =Wk (3.1)
We assume that the velocity u and the pressure function € vanish at infinity:
ul =0, 6., =0. (3.2)
A z

Fic. 2. Axially symmetric motion of a rigid biconvex lens-shaped body

The boundary-value problem (0.1), (31 and (3.2 is a classical problem in the hydro-
dynamics of Stokes flows [10] [14] 24]. Since we consider only axially symmetric motion,
the boundary conditions (31l are reformulated for the components of the vector u in
cylindrical coordinates as:

ur (1, 2)] =ty = 0, up(r,2) =0, uz(r, 2)|,— g, = Vo, (3.3)
where 1 = 19 and n = —ng determine the contour of the biconvex lens-shaped body in
toroidal coordinates (&, 7) in the meridional cross-section (r, z)-plane (see Figure [II).

The problem of the steady motion of a rigid body in a Stokes fluid is closely related
to the problem of the Stokes flow about the body immersed in the viscous fluid [10].
The only difference is that in the latest problem, the body is immersed in the uniform
flow, and the velocity of the flow is assumed to be constant at infinity. In this case, the
boundary conditions take the form: |g = 0 and | = —Vpk, where @ is the velocity
of the Stokes flow in this problem. Obviously, the velocities u and u are related by
u=u—- Wk

3.1. Stream function approach. A classical approach to solving axially symmetric
problems of Stokes flows is to represent the vector u by a stream function ¥(r,z) in
cylindrical coordinates [24]:

u=—curl(PZe,). (3.4)
In component form, [B4]) is rewritten as:
1 1
up(r,z) = ;% (ro), uy(r, z) =0, uy(r,z) = —;% (ro). (3.5)
The stream function ¥ is different from the stream function, ¥p, introduced by Payne
and Pell [I6] as u, = _%aépZP’ U, = %63;" in the problem of the Stokes flow about
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a body immersed in a viscous fluid. If the velocity of the Stokes flow at infinity in
Payne and Pell’s problem is —Vj k, then the stream functions ¥ and ¥p are related by
Up=—(r¥+3ivr?.
The stream function ¥ satisfies a so-called bi-1-harmonic equation
A2¥(r,2) =0, (3.6)

where the 1-harmonic operator A; is defined by (0.6). Based on B3) and (B.3H), we
formulate the boundary conditions for the stream function ¥ as

0 0
—(r @)) =-Vorl,_1, <— (r W)) =0. (3.7)
((91“ n==xmno R 9z n=%no
Using relations (2), we have
0 inh h -1
<_ (r W)) Voe? sinh £(cosh £ cosn - ) 7 (3.8)
0¢ =m0 (cosh & — cosn) =m0
9 inh” ¢ si
<_ W)) _ ppe SnhiEsing , (3.9)
on =m0 (cosh§ —cosm)? |, _,
From (B.8) we obtain
cos 1 1 sin? 7
v =Voc? (- - A
('] — o€ < cosh & — cosn + 2 (cosh & — cos 77)2> =110 +
:E(627T2) +)\:7Er2 ,
2 n=%no n=%no
where \ = —V02C2 is the constant of integration that provides finiteness of ¥| et b
& — 0. Consequently,
Vo
w|77:i770 Y T|77:i770 ) (3.10)
and from ([B39) and @BI0), we have
ov Voc sinh € sinn
orl . T2 (coshE —cosn|, .. (38.11)
[/} —— (cosh§ —cosn)?|, _.,

We represent the stream function ¥ as the sum of the stream function for the sphere,
no = 5, and an auxiliary stream function ¥:

A

@(’F,Z) = sphere(r; Z) + Lp('f'; Z), (312)

cVy r c?
Wsphere(ra Z) = T \/m r2 + 22 =3)

U (r,z) =z $o(r, z) + T(r?+ 2% =) dy(r,2), (3.13)
and Py(r, z) and @ (r,z) are l-harmonic functions:
Ay y(r,z) =0, Ay dy(r,z) =0.
The form of (B.12) for ¥ is chosen based on the fact that from @.I0), ¥|,_,, 7 0 at

& — 00. As we will see further, form ([BI2) provides !lc/‘ L 0 at & — oo, which
n==x"no

where
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is necessary for representing boundary conditions for ¥ in the form of Mehler-Fock
integrals.

In toroidal coordinates (£,7), functions @y and @; are represented by Mehler-Fock
integrals:

“+i00
BolEm) = 5 v/eoshE — cosn / )sinfpu] U, (cosh€) dt, o <1 < .
2
(3.14)
1 +ic0
B(€n) = 5oz ook € —cosy [ By coslp] PV (cosh) s~ < <,
(3.15)

where A(p) and B(p) are meromorphic functions in the strip —1 < Rep < 1, and

A(—p) = —A(p),
B(—p) = B(p).

Representations ([B14) and (BI5) reduce the function ¥ to the form

2 sinn sin[ny] (1)
viEm =5 \/m / <+B ) cosn cos] >P;+M(C°Sh5) dp- (3.16)

—100

To simplify the calculation, we introduce a new function

W(&,m) = 2miy/cosh€ — cosn ¥(&,n),

and reformulate the boundary conditions (3I0) and B3) for ¥:

~ . sinh & cosn sinh & sinh &
v = mVyc 3 — ,
n==m0 (cosh& +cosn)z  v/cosh& +cosn  /coshE —cosn S
(3.17)
ov ~ miVye ( sinh{siny ~ sinh&sing
on —— 2 (cosh& —cosn)2  (cosh& + cosn)2 (3.18)

sinh € sinn cosn >
(cosh € + cosn)?

n==£no

To represent the right-hand sides of (B17)) and (BI8)) in the form of Mehler-Fock integrals,
we use the following representations [20]:

+ioc0

sinh & - cos[nu] )
g =iv2 [ = P sh &) d _
(cosh & + cosn)? iv2 / cos|m ] —%4—#(005 §) du, T<n<m,
sinh § _ i3 / cos|( )
N P COSh d ) 0 < < 271',
(cosh & — cosn) % cos[mu) *%4';1( §) du n

—100
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+i00
sinh & B sinh & _ i3 / cos[ 5] p()
Vcosh € ¥ cosn  y/cosh€ —cosn (42 — 1) cos[mpu] = —z+n

(cosh )
" ( cos7) cos [(% —ﬂn) 4] ) .
—p sinng sin [(3 —n) p]
Consequently, the boundary conditions (BI7) and (BI8) reduce to a system of linear
equations with respect to A(u) and B(u):

sinng sin[nou) cos 1y cos[no k) Ap)
cos 1y sin|[nop] —sinng cos[nou) By)
+u sinng cosnop]  —p cosno sin[nop]
(3.19)
cosm coslni] + ] (cosm cos [(§ ) ]
_ _7T\/§ Voc —p sinng sin [(Z —no) 1))

cos|[mu)

—sinng sin [Z2] sin [(5 —no) ] — 1 cosmo sin[nop]

The determinant of system B19)), D(u), and functions A(p) and B(u) take the form

D) = — 1 (usin(2r0] + sin[2n04]), (3.20)
T2 Voep 1 cos[(m — no) ]
Alp) == (u?—1) <2cos[7w] 2 cos|mp] cos|nop]
o | (3.21)
— tan ] (sin® mo + § 4 tan[nop] sin[2n,])
psin[2no] + sin[2nop]
_ mVaVee (-4 cosl(r—m)ul
A Ry (COS[M] 2 cos|mp] cos[iop]

—p tan [ (nsin®no + L tan[nop sin[2770])> | (3.22)

psin[2no] + sin(2nop]

Consequently, the velocity vector, u, that solves problem (0), () and B2) is ex-
pressed analytically by B1), B12), (314), (B2I) and B22). As an illustration to the
solution of this problem, we calculated streamlines about the rigid biconvex lens-shaped
body determined by the equation

r¥(r,z)+ 3Vor?=C (3.23)

with respect to pairs (r, z) for different values of the constant C. It should be noted that
equation ([323)), in fact, determines streamlines about the body immersed in the uniform
Stokes flow with the constant velocity, —Vyk, at infinity, while the stream function
¥ corresponds to the motion of the body with the constant velocity Vok. We obtain
equation ([B.23) based on the fact that in terms of Payne and Pell’s stream function,
Up, streamlines are defined by Wp = constant, and that ¥ and Vp are related by
Up=—(r¥+3Vyr?). We used MATHEMATICA 5 to solve equation (23). Figure [l
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shows streamlines about the rigid biconvex lens-shaped body for 7y = %” and 7o = %.

Streamlines may also be calculated based on the relation 92 = u,/ (u. — Vp); see [0, 32].

I\
R )/

2

)
N

—_

i

™
=3

o=

w

F1G. 3. Streamlines about a rigid biconvex lens-shaped body for ng =
2?” and 7o = 7§, respectively

The asymptotic behavior of functions (BI4) and BIH) at £ — oo is determined by
the zeros of determinant ([B20). The function D(u) is even, i.e., D(—pu) = D(u), and
equals zero at p =0 and p = :l:% for all ny € (0, 7). We call these values generic roots
for D(y). However, functions A(p) and B(u) take on finite values at p = 0, that is 4 =0
is not a pole, and since the function P(_l)%Jm(cosh €) has nulls at p = :I:%7 expressions
A(u)P(j)lﬂb(cosh §) and B(u)P(j)lﬂL(cosh €) do not have poles at y = +1. Except for
the genezric roots, the determinant D(p) has individual roots for any ny € (0,7). Table
[ presents the first individual root, g, for different ng.

TABLE 1. First individual root for D(u)

o Ho "o Ho
7/12  8.063 + i 4.203 | 7Tr/12  0.752
27/12  4.059 + i 1.952 | 87/12 0.616
3m/12 2.740 +i 1.119 | 97/12 0.544
47/12  2.094 — i 0.605 | 107/12 0.512
5m/12 1.534 117/12  0.501
6m/12 1.0t 12r/12 0.5

t Functions A(p) and B(p) take on finite values at p = 1.
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The asymptotic behavior of A(iT) and B(iT) at 7 — oo is determined by

A(iT)|

T—00

5 .
@ (e*”‘ﬂ + (|| sin[2n0] + cos[210]) e*2"0|T‘) ,

in|2
B(ZT)‘THOO ~ 7.‘-\/5 VOC <_2€7TT + (2 Sin2 7o —+ %) e%ol‘Fl) .
T

For the case of the sphere, ng = 7, the functions D(u), A(u) and B(u) take the form

D(p) = —gsinfru],  A(u)=0,  B(p)=0.

4. Hilbert formulas in the hydrodynamics of Stokes flows. In this section, we
analyze basic hydrodynamic characteristics: vorticity, pressure and drag force. We use
the Hilbert formula (Z7) for the analytic representation of the pressure function 8 via a
vortex function.

4.1. Vorticity and scalar vortex function. The vorticity, w, is defined by (@2]). In the
case of axially symmetric boundary-value conditions, it may be represented as

w = —curl (curl (Ye,)) = w(r, 2) ey,
where w(r, z) is a scalar vortex function given by
w(r,z) = AU (r, z).

Since the stream function ¥ is bi-1-harmonic, the vortex function w(r, z) is a 1-harmonic
function, i.e., Ajw = 0, and in terms of the functions ¢y and @1, it takes the form

oP 9 0
w(r, 2) = wephere (T, 2) + Qa—zo +2 (7‘5 + Z&) D1 + 39, (4.1)

where

r
Wsphere(ra Z) = %VOC W
re+2z%)2

Consequently, the representation of w by A(up) and B(p) is straightforward. At the
contour 7 = 1, the function w is determined by

+i00
Vo2 3 ptan(mu] sinng sinfnop] 1)
= h¢— 2 P h§) du.
w(&M)y=n, i (cosh & — cosmp) / Josin[2n0] + sin[204] %ﬂ(cos &) du

Figure @ illustrates the behavior of 5t~ w(,n)l,_,, for no = %’r and 7o = %.

4.2. Pressure. We associate the function 6 in the Stokes model (LI with the pressure
in a Stokes fluid. In an axially symmetric case, the pressure 6§ and the vortex function w
are independent of the angular coordinate ¢ and may be considered as real and imaginary
parts of an r-analytic function F(r,z) = 0(r, z) +irw(r, z) that satisfies the generalized
Cauchy-Riemann system ([0.4]). Consequently, we may use the Hilbert formula ([27) to
express 0 via w.
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_ T
770*3

Fic. 4. Epures of the vortex function, ﬁ w(ﬁ,n)|n:n0, at the sur-

face of a rigid biconvex lens-shaped body for ng = %” and o = %,
respectively. At a particular point on the contour, the value of the
function is depicted by the length of the outward normal line if the
value is positive and by the length of the inward normal line if the
value is negative.

PROPOSITION 4.1 (Pressure). Let the vortex function w be determined by ([@1]). Then
the pressure 6 is a real-valued function represented by

—+oo

1 .
0(&,m) = —5\/cosh{ — cosn §M—§ / B(it) Ga(&,m, 1) dT
me 2 (cosh & + cosn)? 2

— 00

+oo ~
| sinh¢ / A(it) (§ cosn sinh[nT] — 7sinn cosh[nr])
+B(it) (4 sinn cosh[nt] + 7 cosn sinh[nT])

¢9)
xPiéﬂ,T(cosh{) dr

+cosh¢& / (A(iT) cosn sinh[n7] + B(iT) sinn cosh[m'])

x (2 4+ 1) P_1 i (cosh) dr
+o0
_ / ((7-2 +1) A(iT) + %TB(iT)) sinh[nr] P_1; (cosh§) dr |

— 00

where A(iT) = —iA(i7), and G(&,n,7) is determined by ([Z26), which can be efficiently
calculated by a Gaussian quadrature.
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Proof. Using representation (£1I]) and the fact that A@y = 0 and A; $; = 0, we obtain
the identities

ow 0 0% 0 0
5 =5 [wsphere(r, z) + 25 +2 (7"5 + z&> Dy + 3451}
0 20 od; =z 0 0Py
- or {ewhere(r’ 2 r Or (r o) +2 (T 0z ror (“pl))} 3 0z’
10 10 0% 0 0
~ (rw) = = (r {wsphere(r, z) + 2@ +2 <r§ + Z£> D1 + 3(151]>
0 20 od, z 0 10
= & |:Gsphcrc(7',z) — ;E(TQSO) +2 (7’82 — ;E (T@l))] — 3;5 (7’@1),
where
z
Osphere(r, 2) = 3 Voo ———.
P 2 (2 g a2)2
Based on the relation % = g—“: from (04)), we represent the pressure function 6 by
2 (9 3451 z (9 ~ ~ ~
0(r, z) = Osphere — ;E(MISO) +2 (TW ~ 5 (r¢1)> +30(r,2) + ¢, ¢=0, (4.3)

where § = f(r, z) is a new function, and ¢ is a constant. Consequently, system ((LZ)
for the functions 6 and w reduces to the generalized Cauchy-Riemann system for the
functions # and &4, i.e.,

90 0o 9 10

ar 0z’ 0z ror
This means that F(r,z) = 0(r,z) + ir @,(r, ) is an r-analytic function. In an axially
symmetric case, 0(¢, —n) = —0(&,n), (&, —n) = —2o(&,n), P1(§,—n) = ¢1(&,n) and
0(¢,—n) = —0(&,n). Consequently, the left-hand side in (£3) can be an odd function
with respect to n only if ¢ = 0.

Recall that the function @; is represented by the Mehler-Fock integral (B.15) with
the density B(u) determined by ([322]). The function B(u) is meromorphic within the
strip —1 < Rep < 1 with only simple poles at p = :I:% and p = Fpuyg, i.e., it belongs to
the space .#[_11). Let 6 be represented by the Mehler-Fock integral (L3]) with density
X(u) € A1) Consequently, the functions B(u) and X (u) satisfy the conditions of
Theorem 2.1 We use the Hilbert formula ([2.7)) to represent X (i) by B(i7) and then
express ([A3) in terms of A(i7) and B(i1), where 7 € R. O

As an illustration to formula ([@2]), Figure [l depicts graphs of A 0(&m)l,=,, at the
contour of the biconvex lens-shaped body for g = § and 7y = %’T Figures [6] and [ show
épures of the pressure, Vio t9(€,77)|77:n07 at the contour of the body and isobars about
the body for np = % and no = %’r, respectively. Isobars are determined by equation
6(¢,n) = C for different values of the constant C. To solve this equation numerically, we
represented 6(£,7n) by [@2) and used MATHEMATICA 5. An alternative approach for
computing isobars is based on the fact that at an isobar:

00 00
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Consequently, using system (0.4)), we obtain the explicit first-order differential equation
dz 90 /00 Ow /10

dr — or) 0z 0z/ ror
which can be solved by Runge-Kutta methods. We compared both approaches with
respect to running time and accuracy. In comparison to the alternative approach, solving

(rw),

0(¢,n) = C is faster and more accurate. This proves the superiority of the analytical
solution based on the Hilbert formula.

c <
VUQ(& 1) ‘/09(5-, y)
1.25 2.5
1 2.25
0.75 2
05 175
0.25 1.5
1.25
I\ 2 3 56 ¢ ¢
—0.25 1 2 3 4
: o
Ny = g My = T’r

Fic. 5. Function VLO 0(&,mo) at the surface of a rigid biconvex lens-

shaped body for ng = % and no = 2?“, respectively

4.3. Drag force. The drag force is the characteristic that attracts most of the attention
devoted to problems of motion of rigid bodies in a viscous fluid [I0]. An approximate
calculation of the drag force by means of variational principles is discussed in [I1]. We
derive an analytical formula for the drag force exerted on the rigid biconvex lens-shaped
body using expressions for the pressure and vortex functions obtained in the previous
sections.

PROPOSITION 4.2 (Drag force). The magnitude of the force exerted by a Stokes fluid on
the biconvex lens-shaped body is determined by

T 21

é/T +3 cosh[(m — no)7]

3 72 +1 \ 2cosh[r7] cosh[noT]
0

Fy = 67mpVie % +

.92 1 .
= tanh 2
+ 7 tanhr] (Tsm no + 5 tanh[no7] sin| 770])) d7'> ,

7 sin[2ng] + sinh[2197]
where p is the shear viscosity.

Proof. Let n = n,e, + n .k be the outer normal to the surface of the body, S, where

(er, ey, k) is the basis of the system of cylindrical coordinates. By definition, n, = g—;
oz

and n, = 5>. The force exerted by the fluid on the elementary surface dS with the
normal n is given by

%Pn = (n-grad)u+ 3 [n x curlu] — 1 6n;
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9 3
1 1
Pressure épure, 1), :; Isobars, 7, Z%T

Fi1G. 6. Epure of the pressure, VL;) 0(&,m0), at the surface of a rigid

>

Isobars, My = ?ﬂ

™

biconvex lens-shaped body and isobars for no = %

N =05 \ 15 2 25
<0.5

2

Pressure épure, 7)) = 3

Fic. 7. Epure of the pressure, VLO 0(&,m0), at the surface of a rigid

biconvex lens-shaped body and isobars for ng = 2%

see [24]. Since the body moves along its axis of symmetry, the resultant force has only
the component in the direction k. Thus the magnitude of the total drag force is the
mtegral of the projection P,, onto (—k) over the surface S:

= :7—//P ‘kdS =-— //((n +nz§)uz+§wnr%9nz)d8.
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To simplify this expression, we use representation ([B.3]), formula dS = r dy ds and rela-
tions

w92 o
Tia(g? z 88’
o 10 o 10

5 " hoe on o hon
where ds = hd¢ is the element of the contour of the surface S in the meridional cross-

section (r, z)-plane, and h = m is the Lamé coefficient. The directional deriv-
p)

ative 5. corresponds to the vector s, which is orthogonal to n and oriented toward an
increase of coordinate £&. We have

o 0N 10 (0w
""ar ”Zaz e = 700 r 0s T@z ’

and using boundary conditions ), i.e., (£ (r¥)) |17:in0 = 0, we obtain
+o00
0 LAY
dS =27 — | r— dé = 0.
//r@s( ) /8§<T8z)n_no ¢
0

Thus, the expression for the total drag force reduces to

—Fo = // wn, +6n,)dsS. (4.5)

Using representations (£1)) and (£3) for functions w and 6, respectively, we obtain
wn, + 0 Nz = Wsphere Nr + asphere Nz
od; 20 20 ~
27Z L L 2 )+ 2L (2 @) + By, + 3601,
+ on + 88( 0)+ras(m 1)+ Pine +30m

The surface integral for the term wsphere Nr + Osphere M- is the constant equal to the
magnitude of the drag force for a sphere:

// (wsphere N + Osphere n.) dS = 6nVyc.

Note that the integral contribution of the terms lai (rzd;) and % to (@A) is zero.
Indeed,

oo 9 n=no
//—— rz®1)dS = 27r/ — (rzdy) d§ =4 lim (rz®)|,_, =0
0 3£ n=-—"mno £ ’
and
19 2o n=no .
// o (rdy) dS = 2m / € (rdo) . d¢ = 47r£1££10 (r @)=y, = 0.
s

We may avoid the use of Hilbert formulas for expressing 6. Indeed, representing the
generalized Cauchy-Riemann system (0.4) in terms of - 8 and -2

on”
90 10 o0 10

on ras(ds) s r@n(él) (4.6)
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we obtain
~ 10 ~ 10
On, = ——— (7“29) —=—(rd
8 2r Os 2 On (),
) to (R is zero:

+oo
//7“83 29 d527r0/ (,;1(29)

Note that 5lim 6(¢,m0) = 0 because of the fact that § and @, are related by (6], and
gll{go @1(57770) =0.
Thus, expression (@3] reduces to

1 T o 5 0Py or\ |
~ Fp=3nVpe— & CAC Ry A
2p 0 T TS 2/<r an 17“877)

0

n="no

d¢ = 4rc? lim 0(&,m0) = 0.
n=—"o §—oo

de. (4.7)

n=="o

Substituting representation ([3.10]) into (1) and using relations

+o0
B LU S am (e 1) cslm =
/ (cosh & — cosn)? P_%ﬂ‘(COShf) A= —2v/2 1) wsinfmp]

+oo

3 smh’¢_ pay _ sin(m —n)u]
g M / (cosh & — cosn)? P_%+ (cosh&) de = 2\/_( —3) sin[rp]

we obtain
+i00
1
%FO = 3nVoc +iV2 / (1® — %) B(u) dp. (4.8)
Finally, substituting ([8.22]) for the function B(u) into expression (L8]), we obtain ().
O
Figure [} illustrates the behavior of the normalized drag force GWI; Vo asa function of

1o. Table [2] presents values of GMVC for ny = 12, 1 <k <12 Thecaseof ng =m
corresponds to a flat disk. In this case, integral (&) is calculated analytically, and the
exact value of F(’Oc is 8/(3m). In the case of ny — 0, we have Fy — 0.

The drag force may also be calculated as the limit of the stream function at z = 0

and r — oo:

Foy=—8mp lim ¥|,_,;

see [I0]. For the stream function given by (BIZ), this expression reduces to (8] and,
consequently, is equivalent to (£.4).
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TABLE 2. Normalized drag force, %, as a function of ng

Fo Fo
"o 6mpVoc "o 6mpVoe

7/12 4.9545 | 7x/12  0.9237
2r/12 2.5167 | 8x/12  0.8810
3w/12 1.7229 | 97/12  0.8599
4r/12 13418 | 107/12  0.8515
5m/12 11278 | 11x/12  0.8491
6m/12 1 |127/12 0.8488"

TThe case of 179 = 7 corresponds to a flat disk.

In this case, the exact value of ﬁ is 8/(3m).

Fo
6 TpVy C

2 7 57 7T

z AN 7
6 3 2 3 6

Fic. 8. Normalized drag force as a function of 7o

Fo
7 6mpVpce?

5. Conclusion. We have derived Hilbert formulas for an r-analytic function for the
domain, 27, exterior to the contour of a biconvex lens in the meridional cross-section
plane, and applied these formulas in the 3D problem of axially symmetric steady motion
of a rigid biconvex lens-shaped body in a Stokes fluid.

In the domain 2y, we have reduced the generalized Cauchy-Riemann system (0.4)
to the three-contour problem ([23) for the densities in the Mehler-Fock integrals, repre-
senting the real and imaginary parts of an r-analytic function. This problem coincided
with the one that we obtained for the corresponding densities in Fourier integrals for the
domain external to the contour of a spindle in bi-spherical coordinates [3I]. However, in
contrast to [31], we have assumed that densities in the Mehler-Fock integrals were mero-
morphic functions with an arbitrary number of simple poles in the strip —1 < Repu < 1.
This assumption was dictated by the hydrodynamic problem of the steady motion of a
rigid biconvex lens-shaped body in a viscous fluid: the function B(u) in ([322]) has at
least two simple poles at y = i% for all values of the parameter 79. As a result, we have
extended the framework of Riemann boundary-value problems, originally suggested in
[31], to solve the three-contour problem (23] for X (u) and Y (i) from the specified class
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of meromorphic functions under the additional conditions (Z4]). Thanks to these condi-
tions, we showed that the Hilbert formulas coincide with those obtained in [3I], when
X (p) and Y (u) are functions meromorphic in —1 < Re p < 1 with only two simple poles
at p = :l:%. For numerical calculations, we have represented the Mehler-Fock integrals
with the Hilbert formulas in the form of regular integrals.

Using the stream function approach, we have solved the 3D problem of the steady
motion of a rigid biconvex lens in a Stokes fluid. The suggested stream function (B.12])
includes the term, associated with the stream function for a sphere, to provide proper
representations of boundary conditions in the form of Mehler-Fock integrals. Based on
the fact that F' = 0+ ¢ 7w is the r-analytic function, we have applied the Hilbert formula
for the real part to express the pressure in the fluid about the body via the vortex
function. As an illustration to the obtained result, we have calculated isobars about the
body, épures of the pressure at the contour of the body and the drag force exerted on
the body by the fluid.

Acknowledgements. We are grateful to the anonymous referees for their valuable
comments and suggestions, which greatly helped to improve the quality of the paper.

Appendix A. The proof of Proposition First, we prove formula (Z2T]).
Substituting formula ([2.8) into (L4, we obtain

1 Vi [ d
e Veme oy [ | rx /X“COS mn] ___dn
27

cosh[r7] sinh[r(r; — 7)]

P(_l)%+i7(cosh £)

24 1
T+4

e dr.

(A1)
The inner integral in (A.J]) is singular, but the external integral is regular. Consequently,
we do not need the Poincaré-Bertrand formula for changing the order of integration in

(BT (see [6]):

e "dr

+oo /+oo (1)
/ f coshfrm] dr | Po1ji(coshé)
X ’LTl
sinh[r(ry —7)] | (72 —|— 4) cosh[m7]

400 (1)
1 _ P77+, (cosh ) T dr
D) / X{(im) cosh{mr] / (72 + 4) cosh[r7] sinh[r (7 — 7)] dr.

fY(fﬂ?) =

—00

I (&m,71)

The inner integral I1(£,n, 1) in %y (§,n) is calculated based on the following represen-
tation [I]:

)

£
23 (72 + )
§+iT(COSh§) =TT Tembe /COb[Tt] v/cosh§ — cosh t dt.
0

™
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We obtain
3
L(gn,m) = / Ju(1, 71, 8)/cosh € — coshi dt
7rsmh
0
2v/2 1 ;
o o t)v/cosh € — cosh t dt
mwsinh & cosh[m] € /9(77,7'1, )y/cosh & — cos
0
famen)sing | 0 A0
where

+oo

T o) e
Ji(n,m1,t) = f cosh[m7] sinh|[r(m; — 7))

Y (A.2)

1 2sin Z cosh £
— t) e 1M1 2 2
cosh[rT] (9(77, mt) T osht — cosn)

sinh? &
cosht dt = = | [1+ 2

£
/ v/cosh& — cosht
2 V2 sin® 2
0

cosht — cosn

_1‘|7 7]75()’

and the function g(n,1,t) is determined by ([Z23). For n = 0, expression (A.2)) takes on
finite values for all ¢ € [0, &]:

sin[7t]

t) = th L. A.
J1(0,71,1) cosh[ri] coth £ (A.3)
Thus,
1S
L(6,0,7) = / (0,71, 1)+ /cosh € — coshf dt,
7rs1nh
0

and G1(&,m,11) = %Il(ﬁ,n,ﬁ)cosh[Wﬁ}.
Formula (Z21)) is proved similarly. Substituting formula (Z7) into (I3]), we obtain

cosh[r7] sinh[r (7 — 7)]

“+o00
1 h d
n):—\/coshf—cosn/ 7Y (i) — = fY COS [m7i] - N
s

xP 1, (cosh &) e™dr.
(A.4)
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Although the inner integral in (A is singular, the external integral is regular. Conse-
quently, we do not need the Poincaré-Bertrand formula for changing the order of inte-

gration in (A4) (see [6]):

+oo /+oo

/ f ¥ (im) cosh[rr]| dry Pféﬂ'r(COShf) o
sinh[r(r — 7)] cosh[rT]
e P (cosh§) nT J
. —1l4ir e 1" dr
= Y h 2 dm.
/ (im1) coshlmr] / cosh[rr]  sinh[r(m — 7)] i
I>(&mm1)

The inner integral I5(£,n,71) in Fx (£, n) is calculated based on the following represen-
tation [1]:

9
P_1,;,(cosh§) = Lif /cos[Tt] (cosh¢ — £ (72 + 2) (cosh & — cosht))

T sin
x4/ cosh & — cosh t dt.

We have

I (& m, ) 7rsmh2§/ J1 (n,71,t) cosh&+/cosh§ — cosht

—%J2(n, 71, t)(cosh & — cosht)%) dt,

where the function Ji(n, 1,t) is defined by (A.2), and
—+oo

cos[rt] (2 +9)e "dr e
J t) = =2 t 2 J t).
2(7777-17 ) / COSh[ﬂ'T] Sinh[ﬂ'(’rl — 7_)] 1 1(7777-17 ) + o2 1(7777—17 )

—00

Using intermediate calculations,

£ 3
h¢ — cosht)?
ha(€, ) :/ cosh & — cosh t) cosh £ dt
cosht —cosn
0

= (cosh ¢ — cosn) hi(€,m) — J5sinh®§, 7 #0,

. T sinh2§ signn
sin § (2h1 (¢, m) cosh € = 3ha€m)) = 3 (hal€m)sin ) = J—mmmucsy M #0,

where the function hj(&,n) is defined by ([224]), we reduce the integral I5(£,n,71) to the
form:

12(577777—1) =

9 i
<R(§77777—17t) e + \[ e ) , n#0,

v/cosh& — cosn

cosh[mT]
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where

&
44/2
R(&,n,11,t)e " = Lf/ [g(n, T1,t)e” T (% cosht + %cosh f) v/cosh & — cosht
0

7 sinh?

—168—7722 (g(mﬁ,t) e_"”) (cosh & — cosh t)%] dt,

3
and the function g(n,71,t) is defined by ([223)). In the case of n = 0, we use (A.3) and
the relation
JQ(Oleat) = %J](O,Tl,t)

to derive an expression for I5(£,0,7):

1 42

cosh[m7i] 7sinh? ¢
0

Jl(O,Tl,t)

82
T a2

I(&,0,m) = (coth £ sin[r1t] (3 cosht + 1 coshé — 3)

+71 cosh® £ cos[rit]) /cosh & — cosht dt.

Note that the integrand in I»(€,0,71) takes on finite values for all ¢ € [0,£]. Finally,
defining G»(&,n,71) = 3 I2(&,n, 71) cosh[r7y], we finish the proof of the proposition.
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