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Abstract: Classical results of hydrodynamics such as Stokes’ force law and Kirch-
hoff’s moment (torque) law are re-derived for laminar viscous flow in the frame-
work of modern compact simplified vector calculus notation. First perturbations
of these laws are found and compared visually with experiments. The Magnus
drag force on a rotating and moving sphere surrounded by an incompressible vis-
cous Newtonian fluid is derived from the perturbation series of the Navier-Stokes
equations in low speed regimes with a small Reynolds number.

Abstrakt (v ¢estiné): Jsou znovuodvozeny klasické vysledky hydromechaniky jako
napt. Stokestv a Kirchhoftiv zdkon ve zjednodusené kompaktni vektorové sym-
bolice. Tyto zakony jsou opraveny o prvni perturbaci malého Reynoldsova ¢isla a
poté vizualné porovnany s experimentem. Pro dokonalou rotujici a pohybujici se
kouli obklopenou Newtonovskou vizkozni kapalinou je pro malé podélné rychlosti
a malé rotace (mald Reynoldsova ¢isla) odvozena Magnusova sila z perturba¢ni
rady Navierovych-Stokesovych rovnic.
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Introduction

The field of theoretical hydrodynamics is still very active today. The impor-
tance of semi-exact solutions is clear when considering that simulations of many
hydrodynamical problems are often numerically unstable and require a lot of com-
putational power. Semi-exact solutions form an essential tool for understanding
the global evolution of the motion of a fluid as a whole. Moreover, they are often
used to test whether a numerical model or simulation gives the correct result for
certain flow regimes.

The drag force acting on a moving sphere in a Newtonian fluid with a constant
viscosity was first obtained in an analytical form for zero Reynolds number (the
so-called Stokes flow) by |[Stokes| [1851] using the so-called Stokes equations, which
now bare the name after him. The Stokes equations are a special case of the
so-called Navier-Stokes equations describing the motion of various fluids for a
non-zero Reynolds number. The solution of the Navier-Stokes equations does
not, in general, exist in a closed form. However, a semi-exact solution given as a
perturbation series in terms of Reynolds number was proposed by Lamb [1916].
The solution is found separately in the region near the surface of a sphere (the
so-called Stokes expansion) and in the far-field (the so-called Oseen expansion),
which are then assymptotically matched via the matching principle given by
Proudman and Pearson| [1957] and [Van Dyke| [1975].

Several modifications of the problem of finding the drag and moment due to
Stokes flow have been proposed and solved in literature. The solutions for spe-
cific axially symmetric bodies were found by Happel et al.| [1983] and Datta and
Srivastaval [1999]. The slip flow solution was obtained by Deo and Datta [2002]
for a spheroid. The drag force due to a slip flow of a micropolar fluid around a
sphere was obtained by Ramkissoon and Majumdar| [1976]. The flow around a
spherical particle coated with a porous layer was solved by |[Cichocki and Felderhof
[2009]. The Stokes flow around a torus has been also studied, the drag force on
a torus can be found in a semi-exact form as an infinite series involving toroidal
harmonic functions, see Majumdar and O’Neill [1977] for analytical derivation
and |Amarakoon et al| [1982] for experimental results.

In this thesis, we will present the derivation of the first two terms of a Stokes
expansion of a low Reynolds number flow around a rotating sphere in transverse
motion (the so-called Magnus flow). These terms were suggested by [Rubinov and
Keller| [1961]. To accomplish this, we will first treat the cases of translation and
rotation separately and solve them up to the second order in accordance with the
matching principle. From these solutions, we will then derive the formulae for
the Magnus flow, from which the formula for the drag force follows subsequently
(the Magnus force). Throughout the thesis, we will assume the flow is due to the
motion of an incompressible homogeneous viscous Newtonian fluid with density
and viscosity being constant. On the surface of a sphere we assume the no-slip
condition.

The thesis is divided into Chapters 1, 2, 3 and Appendices A, B, C, D, E.



The capital letters F', G, H, I, J, K, L, M, N, O, P, Q, R, S, T, U, V are
mostly reserved for functions dependent on r. Therefore, in the cases it does not
cause ambiguity, we will, for brevity, leave out the r-dependence notation. For
example, we write R instead of R(r).



1. World as a continuum

1.1 Stress tensor

Suppose that a force F' acts on a cross-section of a continuum body. In the limit,
when the area S of the cross-section with a normal vector fn approaches dS, we
assume there exists ™ such that, for any infinitesimal force dF acting on the
infinitesimal cross-section, it holds that dF = t(® dS. The force and moment
balance can be then used to define the stress tensor T by a relation known as
the Cauchy force formula

t™ =q.T, (1.1)
or, written as a sum of three terms
T = &t® + gt@ + 243 (1.2)

where &, 4, Z are the unit vectors in the direction of Cartesian coordinates z, y
and z, respectively. Its components are often graphically depicted on the surface
of an elementary cube.

1.2 Cauchy momentum balance equations

The conservation of momentum applied to an infinitesimal volume of the body
gives the Cauchy momentum balance equations

Dv
QDt—f+V-’]I‘, (1.3)
where D /Dt is the material derivative with respect to time, ¢ is the density of the
continuum at a point in space and time, v is the velocity vector field describing
the motion of material particles of the body and f is the external forcing per unit
volume due to the volume forces. All these variables are generally dependent on
time, temperature et cetera. In this thesis, we will assume there is no dependence
on temperature nor any other measurable quantity except the position and timeE].

Similarly, the conservation of mass applied to an infinitesimal volume gives a
relation known as the continuity equation

0++ Ve(ov)=0, (1.4)

where ; stands for the partial derivative with respect to time. For an incompress-
ible fluid p is a constant, so the relation will simplify to

V.ev=0. (1.5)

Ldependence on time will be later also omitted



1.3 Material relations

To complete the description of the motion of a continuous medium, its material
relation is necessary to specify. In this thesis, we will deal with an incompress-
ible isotropic homogeneous Newtonian fluid, for which the relation between
the stress and strain tensor has the form

T = —p]I+77(Vv+VvT), (1.6)

where p is called the pressure, 7 is the so-called dynamical viscosity and I is
the identity tensor. In this thesis, we will assume that 7 is a constant independent
of position and time.

1.4 Navier-Stokes equations

To derive the Navier-Stokes equations from the Cauchy momentum equation, we
first apply divergence to the material relation of a Newtonian fluid (1.3)), to obtain

V-T=V -+ (—pl+n (Vo+ V")) ==Vp+nAv+nVV - v=—Vp+nAv. (17)

By the continuity equation for an incompressible fluid (1.5)), this simplifies to the
Navier-Stokes equations for an incompressible Newtonian fluid

ov,+ov-Vv=f—Vp+nAv, (1.8)

these equations describe the behaviour of the fluid in time and space under ex-
ternal forcing f. Note that if the flow is steady (i.e., neither p nor v depend on
time), we have v; = 0, and the corresponding equations are called the steady-
state Navier-Stokes equations

ov+Vv=f—Vp+nAv. (1.9)



2. Stokes flow

Definition 1 (Stokes Flow). A Stokes flow (or creeping flow) is the flow described
by the steady-state Navier-Stokes equations in which the inertial term ov+ Vv is
omitted.

Stokes flow is described by the Stokes flow equations. In this thesis, we will
assume there is no external forcing f. The Stokes flow equations then have the
following form

Vp = nAwv, (2.1)
Vv =0. (2.2)

2.1 Transverse flow

Let us consider the case of transverse flow.
The solution presented here is a modifica-
tion of the solution by [Landau and Lifshitz
[1984]. The sphere of a radius r = a sur-
rounded by a Newtonian fluid (with viscos-
ity 77) moves with a constant speed v, in
the direction of 2. Assuming the flow is
Stokesian, we will calculate the drag force
F exerted on the sphere (see Figure [2.1)).

Boundary conditions Figure 2.1: Creeping flow around a
sphere

We place the center of the reference coor-

dinate system to the center of the moving

sphere. Since the velocity of the sphere is constant, the reference frame is inertial.
Hence, the flow surrounding the sphere is described by the equations introduced
above. We additionally assume the flow is stationary far from the sphere. How-
ever, from the point of view of our reference frame, the flow appears to be moving
at the speed v. in the direction of the axis z far from the sphere (see Figure [2.1)).
We also assume the fluid does not move on the surface of the sphere (the so-called
no-slip condition). In summary, the boundary and far-field conditions have the

form

Voo = UsoZ, (2.3)
V|r=q = 0, (2.4)
p|r—>oo = Poo = 0,

where we have defined, without a loss of generality, p,, = 0.

Velocity

Since the velocity is divergence free, the ansatz v = V x ) holds, where 1 is
the so-called stream vector field. This solves (2.2)) immediately. Inserting this

9



relation into (2.1) and taking the curl of the result, we get by the commutativity
of partial derivatives (see (C.14])):

VxVxAyp =0. (2.6)

The rotational symmetry of the problem implies that v = vy (r, p) 6 + v, (r,0) 2
(note we have used mixed coordinates — spherical r, 6 and cylindrical z, p, see
Appendix [D] on coordinates). Therefore, 1 = v (r, p) @; otherwise the rotational
symmetry of the velocity will be broken. Moreover, Ve = V(@) = Vip+p =0
since V) is perpendicular to ¢ and V « ¢ = 0. Therefore, becomes (using
(C.15)

A% (@) = 0, (2.7)
In view of (E.3), we may use the ansatz ¢(r,p) = pR, where R = R(r) is an
unknown function of r. By , the velocity is expressed as

v =Vx(pR@) = 2R% — pR'H. (2.8)

The boundary and far-field conditions (2.3) — (2.5]) are satisfied when R(a) =
R'(a) = 0 (the no-slip condition) and R(c0) = 3v.. In view of (E.3), the

solution of is

E; [R] =0, (2.9)
where we define E, [f(r)] = f”(r) + 2 f'(r). This is an Euler differential equation
(see for its general solution). Instead of solving a system of equations for
the constants of integration associated with a solution of the Euler differential
equation, we will proceed differently and integrate directly (an approach
discussed in Appendix , Section . This is possible to apply due to the
arrangement E, [f] = =% (r*f’)’, integrating the previous equation twice with
respect to r, we obtain (see (B.3))

Qd:efEﬂR]:é

5+ B, (2.10)

where () has been introduced for the sake of simplicity of further calculations. The
constant B must vanish, otherwise an additional integration of () with respect to
r will produce a term 72 which diverges for r — co. In view of the arrangement
Ey[R] = % (rR')', integrating @ with respect to r gives

R =a'R(a) +/ rQ dr = / rQ dr, (2.11)
since R(a) =0 and R'(a) = 0. Furthermore, in view of (2.10)), we have

o, AT s o, A(2 1 &
R—/aﬁ/aerTdr—gfar (r—a)dr—§ %_;+ﬁ - (212)

When r approaches to infinity, R takes the value

A
R = —. 2.13
() = (213)
Therefore, since R(o0) = %voo, A= %avoo. For () then
A 3avs
=— = . 2.14
¢ r3 2r3 ( )

10



Hence,

v RIV v a\2
R=2(1—-—4—— =<1 1——1 . 2.15
2 ( 2r+2r3> 2 ( +2r> ( 7“) ( )

Substituting ([2.15)) into (2.8]), we get for the velocity

e (12) () (- o)

Pressure

By (2.1) and in view of (E.6|), the pressure gradient becomes
1 ~
—Vp=Av=VxAp=Vx(pRep)=2Q%— pQ'o. (2.17)
n

Since Vp is conservative, we choose an oriented straight line v from r (r > a) to
infinity in accordance with the boundary conditions (2.5)), and obtain

p:LVp-dr: —n[w(zgﬁ—pQ’é)-ﬁ dr:—zns-f/f@ dr,  (2.18)

where £+7 = cos § (see Table|D.3)) has been taken out of the integral since it does
not depend on r. The integration in (2.18) yields
IMazve , . 3MNAZV

= — zZr = —
p 2r2 2r3

(2.19)

Force

Let us calculate the drag force exerted on the surface of the sphere. A force
t(® dS acts on a very small element of the surface with normal 7 (for the sphere
7 = #). By Cauchy’s formula t™ = 7+ T, the net force acting on the sphere is
given by a sum of all these infinitesimal forces:

MdS = 'r -T dS = —p’r + nf - V'v +Vol) dS.  (2.20)
- - )

Let us simplify the last expression using the fact that R = R' =0 at r = a. It
means that only the second- and higher-order derivatives of R contribute to the

force (2.20). Therefore,

V0ls—a = V(2RE—pRO) |,y = —p (VR') B0 = —pR" ()P0 = — 35”@ 70, (2.21)

a?

where R"(a) = R’(a) + 2R'(a) = E4[R]|,—a = Q(a) = 2% since R'(a) = 0.

2a2
Substituting this together with the pressure into (2.20)), we obtain the Stokes’

law

37}1}00
2a%

where 27 — pé =1z, ie. , has been used. Hence, the force points in the
direction of the unit vector 2, which is in agreement with the rotational symmetry
of the setting. Figure shows the flow pattern (velocity field v given by )
plotted by Mathematica.

// 2P — pB dS = 6ranue.2, (2.22)

11



Figure 2.2: Cross-section of creeping flow around a sphere

2.2 Rotating flow

We now consider the case where the sphere rotates with
angular velocity w pointing in the direction of 2, i.e.
w = w2, where w is the angular speed. Assuming
the flow is Stokesian, we will calculate the moment M
exerted on the sphere (see Figure [2.3)).

M

Boundary conditions

We use the same inertial frame as in the previous case,
although we now assume no transverse motion. The
boundary condition and the asymptotic conditions at in-

Figure 2.3: Creeping
rotational flow around

finity are a sphere
) (2.23)
V)i = pwP, (2.24)
Plrosoo = 0. (2.25)

Velocity and pressure

Stokes flow equations and still hold in this reference frame. Due to
rotational symmetry, a solution has a form v = v (r, p) @. In view of , we
suggest the ansatz v = pP@, where P = P(r) is an unknown function of r.
Therefore, becomes

1 R N
EVP = Av = A(pP@) = pE4[P] . (2.26)

Since p = p(r,p) due to rotational symmetry, Vp = p,# + p,p. Hence, p
is constant, since the right-hand side of (2.26) cannot be expressed as a linear

12



combination of # and p. The assumption p = 0 at infinity then gives p = 0
everywhere. Therefore, we get from ([2.26]) that

E4[P]=0. (2.27)
This is an Euler differential equation with a solution (B.3)), i.e.

A
P="5+B. (2.28)
The constants A and B are determined from the boundary conditions (2.23) and
(2.24). Since v vanishes for r — oo, B = 0. Assuming the no-slip condition on

the surface, we obtain A = wa?, and thus

In summary,
3
aj A

Note that, in case the sphere rotates around a general §-axis, the solution of the
velocity is given, using the rotated coordinates (see Appendix @[), by

v =ow—. (2.31)

Force and moment

The drag force exerted on the sphere is zero by the rotational symmetry. However,
the drag force has a moment that slows down the rotation of the sphere. Again,
the total moment is a sum of the infinitesimal moments 7 xt™dS = r#xT-#dS.
Therefore,

M = //T rxt® dS—an//r 7 X V’v—l-Vv) 7 dS. (2.32)

Let us simplify the argument of the integral by using (E.4)):

Px(Vot+VoT).

_=pP(a) Px(F@+@F) -7 = pP'(a) Pxp = —pP'(a)f. (2.33)

In view of (2.29)), we have P'(a) = —32. Finally, we get the Kirchhoff’s moment
law

= an/ )8 dS = —Swn/ p0 dS = —8mnwa’2, (2.34)

where we have used for the evaluating the integral. This formula was
originally presented in Kirchhoff] [I876]. In a similar way, it is possible to derive
the result given in [Lamb| [1916], Art. 334., for concentric spheres of radii a < b,
for which a coupled moment, assuming the inner sphere is rotating with angular
speed w and the outer sphere is fixed, is given by

a

In particular, when b — oo, we get Kirchhoft’s result.

13



2.3 Combined flow

We briefly discuss the case of combined flow, i.e., Stokes flow around a sphere that
travels through a fluid with a constant speed v, along the z-axis and rotates with
a constant angular speed w around the s-axis, w = w§ (see Figure , Section
on Magnus flow). This flow solves the Stokes flow equations and with
boundary conditions , El Due to linearity in v and p, the combined flow
is constructed by superposing transverse and rotating flow (see Sections and
. Since there is no contribution of pressure from the rotating flow, the total

pressure is given by (2.19). Summing (2.16)) with (2.31]), we get for the velocity:

v = s [(1-%) [(1+2%) (1-%)2—%(1+%)é} +0Fi—§¢3], (2.36)

where I' & +=- Moreover, since the net drag force given by is linear in v and
p, only the drag parallel to the motion of the sphere due to transverse flow exists.
Similarly, the net moment is due to rotating flow only and thus given by
(replacing £ by 8). The flow given by is no longer rotationally symmetrical,
Figure [2.4 shows only the yz-plane cross-section of the flow in which we have
chosen § = & and I' = 3. In this set up, the sphere rotates counter-clockwise
around the z-axis pointing perpendicularly out of the plane of the page.

Figure 2.4: yz-plane cross-section of combined flow for I' = 3

'replacing p by o and ¢ by quS in ([2.24)

14



3. First perturbation in Reynolds
number

3.1 Lamb flow

Definition 2 (Lamb Flow). In terms of a perturbation series in « = o/m small,
a Lamb flow is a flow which solves the steady-state Navier-Stokes equations up to
the first order.

The steady-state Navier-Stokes equations (1.9) rewritten in terms of « have the
form:

1
av Vv = —5Vp+Av, (3.1)
V.v=0. (3.2)

Let us assume that « is a small number. The solution of (3.1) and (3.2)) will be
searched in the form of a so-called perturbations series

v =vy+ av, + vy + - -, (3.3)

p:p0+ap1_|_a2p2_’_...' (3.4

This perturbation series is called the Stokes expansion (see Gavnholt et al.
[2004]). In this thesis, we will find only the first terms of the perturbation series
(3.3) and (3.4)), i.e. v = vy + awv; and p = py + ap;. Substituting these series into
(3.1), we obtain, up to the first power of «, the following equations
9 1 Q
avy+Vog+ O (a ) = ——Vpo— —Vp + Avg + aAwvy, (3.5)
n n
V.vg+aV-.v; =0, (3.6)
where O (a?) contains quadratic and higher-order terms of a (Big O notation).

Neglecting these terms, we get a set of four partial differential equations. The
first two are the Stokes flow equations for vy and py, i.e.

Vpo = 77A’Uo, (37)
Vv, = 0. (3.8)

The remaining two equations for the functions v; and p; are called the Lamb
equations,

1
A’Ul — HVpl =V V’Uo, (39)
Vv =0. (3.10)

15



3.2 Oseen flow

We should note that any real k-multiple of functions ¥y and py that satisfy the
Stokes flow equations can be added to v; and p; so the functions

’51 = v+ k’ﬁo, (311)
]51 =p1+ k’ﬁo (3.12)

also satisfy the Lamb equations and (3.10). Due to failing of the pertur-
bation series expansion in « at far-distance, it is not guaranteed that there is a
solution v; and p; of the Lamb equations that satisfies simultaneously both the
boundary conditions and the asymptotic condition (or both and
, respectively). The Stokes expansion is a good approximation of the actual
flow only for r ~ a. However, for r > 1/a, the inertial term awv « Vv in is
no longer small compared with Av and Vp and the Stokes expansion is no longer
valid (the argument known as the Oseen criticism, see Lamb [1916]).

Therefore, besides the Stokes expansion, another expansion valid at far-distance
has to be constructed. These expansions are then joined by a matching condi-
tion. We will proceed to find the matching condition according to |Proudman
and Pearson| [1957] via the so-called method of asymptotic expansion (the
method extensively described for example in |Zhu [2009], [Holmes [2012] or |[Lager-
strom| [2013|, for within fluid mechanics context, see [Van Dyke| [1975], Happel
et al.| [1983] or Steinrtck [2012]). In order to match our solution, we first find a
governing equation for far-distance flows. We begin with defining the so-called
Oseen variable r*:

= ar, (3.13)

where o now plays a role of a scale factor. Similarly, other quantities scaled by «
are p* = ap, 2* = az, x* = ax, y* = ay. The position vector r scales as r* = ar.
However, angles do not scale, i.e. 0 = 0, p* = . Also, the unit vectors do
not scale, i.e. #* = %, p* = p, 2° = Z et cetera. Clearly, in view of ,
when o — 0, we have for fixed r* that r — oo. That means an expansion in «
assuming r* fixed might be indeed valid at far-distance. Note that care should
be taken with boundary condition on the surface, since for every finite r we
have r* — 0 when a — 0. Only the boundary conditions for » — oo are applied.

Moreover,
1 1 « « 1
V{i—)|=V|—|=- r=— =aV* | — 3.14
<7’*> <r04) a2’ 2= @ <r*) ’ (3.14)

where we have introduced V* such that it acts on rescaled coordinates the same
way as V on unscaled coordinates. This a useful notation since the formulae
derived for the unscaled quantities can be used in the same form for the scaled
quantities. Clearly, in view of the chain-rule of differentiation, we obtain for any
function

Vf(r®) =aV*f(r). (3.15)

Generally,
V =aV~". (3.16)

16



The solution of (3.1)) valid at far-distance is then found by the perturbation
series in «, similarly as in case of the Lamb equations. Assume that vy solves
the unperturbed problem and . However, a perturbation series for
v satisfying the Navier-Stokes equations in far-distance will not simply be v =
vy + aw; since vy is a function of r rather than r*. First, we will write vy in
terms of r* as a series in «

vo = vy (r*) + ol (rF) + - (3.17)
where h is the lowest power of a and wvj,(r*) is its corresponding coefficient
depending on r* (equivalently, for v given by v = V x 1, we expand 9 in terms

of series in «). Then, according to the formula (3.17)), we seek a perturbation
series solution in the form

v = vy (r’) + ool (), (3.18)

where v} (r*) is an unknown function of r*. This perturbation series is called the
Oseen expansion (see Gavnholt et al.|[2004]). Equivalently, for v = V x4, we
have v = aV* x4 and 1 is sought in the form

P = oo (r") + ol (1) (3.19)

to match the relation for v, where 9} (7*) is an unknown function of r*.

For the pressure, the Stokes equation Vp, = nAwv, gives aV*py = naA*wvyg, so
po is expanded in the series of o with the lowest power of h + 1; otherwise the
equation cannot be matched. Hence,

po = o pGy(r*) + ozh“p&( *) +oee (3.20)

Moreover, since the first Stokes flow equation is linear with respect to su-
perposition in velocity, every pair o/““kv* thlJr’“p* satisfies the Stokes equation
. Equivalently,

Vo, = 1A%y, (3.21)
for any £ = 0,1,2,... Similarly as in , the perturbed pressure is searched
in the form

p =" pge(r*) + o 2pi(r). (3.22)
where p}(r*) is an unknown function of 7*. Substituting these ansatzes for v and
p into the steady-state Navier-Stokes equations , comparing the terms at the
same power of h, we obtain the so-called Oseen equations for v;. In particular,

for h = 0 and v, = const., for which v, V*vj, = 0, the Oseen equations (see
Oseen| [1910]) take the form

1
Av] — HV*p{ = vy * V', (3.23)
V*ev] =0. (3.24)

The case of transverse flow, in which v, = v.2, has been solved by Oseen| [1910]
up to the first order of . The solution for ¥} given by Lamb) [1916], Art. 340, is

1 6 Fvoo
’(pT = —3@/000—;;1:098 (1 — eip 2 (1C059)> (‘57 (325)

higher-order terms are found in Proudman and Pearson [1957]. This solution
enables us to perform appropriate matching with the first order Stokes expansion

B3).
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3.3 Matching condition

We are not able to determine the most appropriate form of the approximate
solution of the steady-state Navier-Stokes equations from the Stokes expan-
sion only. For example, a solution with any k& given by , will solve
the Lambs equations as well. To determine unknown constats, the matching of
Stokes and Oseen expansions is needed. Due to Proudman and Pearson| [1957],
this matching condition is

lim v(r) = lim v (r7). (3.26)

According to |[Van Dyke| |[1975], we may additionally require matching of coeffi-
cients of

v (r) ~ v*(ar). (3.27)

(0%

That means, the coefficients of Taylor expansion of both left- and right-hand side
of in powers of a equal. Under certain circumstances (see [Proudman and
Pearson| [1957] or Datta and Singhal| [2011]), it is possible to write ¥y = vy and
Do = po and choose the constant k£ such that the matching is satisfied.
Since is the exact solution of Oseen equation, the condition for the first-
order expansion of the transverse flow reduces to a simple condition 91|, 0o =0
at # = 0. The flow vanishes in the direction of the z™ halfaxis. In case of the
Magnus flow (see Section around a rotating sphere with the angular speed
w and moving with the velocity v, 2, we will also assume that the flow vanishes
in a particular direction, which is justified by employing the exact solution of the
Oseen equations for the Magnus flow found in Rubinov and Keller| [1961].

3.4 Transverse flow

In this section, we will find the next term in the Stokes expansion corresponding
to the transverse flow discussed in Section 2.1]

Boundary conditions

The boundary conditions for transverse flow are given by (2.3) — (2.5)). Since
v = vy + av; and p = pg + ap;, the perturbation functions v; and p; satisfy

v1|'r—>oo - 07 (328)
v1|r:a - 07 (329)

Lamb equations

We will now solve the transverse flow around a sphere. As in case of the Stokes
equation ([2.1)), let us take the curl of the first Lamb equation (3.9)):

AV XV = V x (’UO . V’Uo) . (331)
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In view of vy = V x4y and V «1py = 0, the right-hand side of (3.31)) can be
simplified by (C.16) and (C.18) as

V x (’UO . V’Uo) = (A'lbo) . V’UO — Vo VA’(/)(), (332)

where v is given by the transverse Stokes flow solution (2.8) (more specifically,

by (2.16)), i.e.
vo =V X9 = Vx(pRP) = 2R% — pR'O (3.33)

and R is given by (2.15). To get Vv, we use (E.7):

/

R
V'U[) =

— (3r#2 + pb7 — 21) — pR"#6. (3.34)
Similarly, by , we have
Atpy = A (pR@) = pQ@, (3.35)
where @ = E4 [R]. By the identity , we have then
VAo = pQ7 +Q (5P — $P) . (3.36)

Substituting (3.33]) — (3.36)) into the identity (3.32)), we get

2 9 2 2
VX (vy+ Vo) = ——LRQ'p =~ (1 + ") (1 _ a) 6. (337)

215 2r r

Velocity

In order to solve , let us write a particular solution v, in the form v; = Vx,
which satisfies the equation . Due to the form of the right-hand side of
(3.31]), we will search for p; in the form v, = 2zpS@, where S = S(r) is an
unknown function of r. Using the identity , we obtain

v, = VX (2pSP) = 2522 — Spp — 2pS'0. (3.38)

The boundary condition (3.29)) gives S = 5" = 0 at r = a. Similarly, (3.28]) gives
S(o0) = 0. Function S is now determined in terms of vy by (3.31]). Using (E.8§]),

we have
AV xv; = AVXV x(2pSp) = —A? (2pSP) = —2pEZ [S] . (3.39)

Therefore, we have

9qv? a a2 9av? [ 1 3a a’
EQS——"O(l )(1—) S LT 3.40
6 [5] 275 + 2r r 2 rd 26 + 278 ( )

with boundary conditions S(a) = S’(a) = 0 and S(co) = 0. This is an Euler
differential equation with a non-zero right-hand side. Let us denote 7" = Eg [S],
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ie. Ay = A(zpS@) = zpT'@. The solution for T is given by (B.8)):

T:/r_ﬁ/rﬁEGTdrdr
= 9avoo/ _6/<r——|— )drdr

9av?, < 1 3a @ é) (3.41)
dr

21 25 27 g6

~ 9av, ( 1 3a C d >

3r3 4t p5 66

Note that T" does not contain a constant of integration since T" approaches zero for
r — oo; otherwise S will contain r? term and thus diverging for r — co. We now
use the condition S(a) = S’(a) = 0. Therefore, S might be found using
(or (B.19))). We first find the constant C' by applying and the condition
S(o0) =0:

% 9av? [ 1 3a C a’
- — T dr = -+ — ———]. 42
0=55(cc) / rdr="4 <3a 12422 383 6 4a6> (3.42)

Hence,
C=— (3.43)

which gives T in the form

9qv? 1 3a a* a 3av? 2a a a?
po W (L Ba @ at ) Savy ) 20N () @ @t g
4 <3T3 47“4+47“5 67’6> 43 < r ) ( 4r+4r2> ( )

Note that

3v2,
Function S is derived by using (B.12):
S:/ r’ﬁ/ rT dr dr
9av _6 a>  dd
= ———] drd
/ / (37’3 4r4+4r5 67“6) mar
90wOO r3 n a’r?  ddr n 5at q
n@@l_ﬁ+£_£+ﬁ
16 \roo2r2 23 2pd 0 25

_ %ﬁ(1<§21+a+a2
- 16r r 2r  2r2 )’
Pressure

The pressure term p; is derived in a similar way as for transverse Stokes flow, see

Section In view of (3.9), we have

2} :/ Vpiedr=—n /OO(A'vl — vy V)« 7 dr. (3.47)
¥ r
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The integrand can be arranged by :
Avy = VXA, = 2722 — Tpp — zpT'6. (3.48)

Therefore, -
Pe Ao = (22 - p?) . (3.49)
Similarly, to arrange (vg+ Vy) « #, we start with (Vug) « #, where Vv is given

by (30)

/

(Vug) 7 = }i (22f + pé) . (3.50)

Taking the scalar product with vy given by (3.33)), we get

A R/ A ZRR
. = (2RZ — pR'O)-— (227 + pb 22°— R’2 3.51
(vg* V)7 (Rz pR)T<z'r+p) ( ) (3.51)
Now, p; takes the form

[T gy e o

Substituting p = rsinf and z = rcosf and keeping in mind that # does not
change along the path of integration, we obtain, after cumbersome algebra, the
final expression for p;:

ng*v2,
64

= (¢ (14-24g+5¢%) =3 (12— 14g+12¢°—¢") cos (26)) ,  (3.53)

where ¢ £ a/r. At r=a, g =1, so

2
_ M _ MV 2 2 2
Prlr=a =~ (54 27 cos (26)) = (502 + 27 (2* = p?)) . (3.54)

64a?
Force

Now, we compute the drag force. Similarly, as in case of the Stokes transverse
Newtonian fluid flow (equation (2.20])), the drag force is

/ pr+nr V'U—I—V'v )dS Fo—l—a/ plr—i—nr (V'v1+V'vlT>dS. (3.55)

The Stokes’ drag force Fjy = 6manv,2 is present due to the expansion v = vo+awv,
and p = pg + ap;. Let us simplify the integrand using the fact that S = S’ = 0 at
r = a. It means that only the second and higher-order derivatives of S at r = a
are contained in the result. Hence,

2

~ ~ 3 ~
Vorlrma = V (2522 = Spp — 2pS'0) |,—0 = —2pS"(a) 70 = %m (3.56)

since S"(a) = Eg [T |;=a = —il;g;. Substituting this together with the pressure

term p; at r = a given by (3.54) into (3.55)), we get, in view of integral formulae
(E.10), (E.13)), (|E.14|) and (E.15)), that

F=Fy+5 4@2 / / — 272 4 215%) # + 48200 AS = By (3.57)
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Surprisingly, the additional drag force exerted on the surface of the sphere created
by perturbation terms is zero. We would expect an increase in drag, but
does not show it. However, from physical point of view, there must be a non-
zero correction drag force to Fj such that F' and Fj differ. The reason of missing
additional drag force in the first-order perturbation theory of the Stokes expansion
is its failure in far-field, which was demonstrated by |Oseen| [1910] (Note that
V1|rs00 # 0). For r ~ a, vy is only a particular solution, the general solution,
which vanishes at the surface, is

vy = Vx(2pSp + kpRp) = 2522 — Spp — 2pS'6 + k (2R2 — pR'G)  (3.58)

or, equivalently,
P1 = 2pSP + kpRPp = zpSP + kapy. (3.59)

This form of the solution of the Stokes expansion is then asymptotically matched
according to the matching principle of Van Dyke| |[1975]. Employing the exact
solution of the Oseen equations, the matching principle reduces to the condition
Y100 = 0 in the direction of the z* halfaxis (¢ = 0). Since #|,—o = 2, r = 2
and é|p:0 = pin z > 0, it suffices that we ensure 1), to vanish for » — co. Since

1 = pzSG + kpR@p = p (rS + kR) §._,. (3.60)

we have S(r) 5
rS(r
k= lim R0 g (3.61)

by simple calculation. Therefore,

=Py + ahr = o (1 + 2%0004) + azpSe. (3.62)

The velocity field v is then given by v = V x):
v= (1 + 3Re> (2R2 - pR'O) + Re (2522 — Spp — 2pS'8) , (3.63)
8 Voo

where Re £ agvs /N = avsa is the Reynolds number. By linearity of (3.55))
with respect to v and p, the Oseen correction has the form

F = Fy(1 + ka) = 6manue (1 + :Re> 2. (3.64)

The higher-order corrections of the force have been found using the method of
matched asymptotic expansion (see Proudman and Pearson| [1957]). The solution
is also derived in [Van Dyke| [1975] and in [Proudman and Pearson| [1957].
Higher-order perturbations terms ws,vs,... are derived in Datta and Singhal
[2011]. The flow pattern for Re = 100 is shown in Figure[3.2] Figure[3.1]compares
visually the cross-sections of flow patterns for various values of the Reynolds
number (right column) with the photographs of experimental results performed
by Taneda| [1956] (left column). Radius of the sphere was 19.8cm (note that
Taneda’s definition of the Reynolds number uses the diameter of the sphere, while,
in this thesis, the Reynolds number is defined as Re = %, hence, its value is a
half of Taneda’s definition). Despite of similarities, Taneda’s photographs show
the real flow appears to be slightly wider than predicted by .
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Figure 3.1: Visual comparison of real and model transverse flow for different
Reynolds numbers
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Figure 3.2: Cross-section of perturbated transverse flow for Re = 100

3.4.1 Geometrical properties

Let us find mathematical formulae describing certain geometric properties of the
transverse flow. Figure [3.3] shows the visualisation of the set up. Let us denote
sp the angle between the z axis and the region on the surface of the sphere,
where the flow has zero tangential component at r = a. We will refer to 8., as
the angle of separation. The streamlines which start at the separation (in red)
enclose the so-called vortex region. At the cross-section (see the centre of
the vortex corresponds to two nodes with cylindrical coordinates [zyer, prer] and
[Zver, —Puer), Tespectively. The outermost point of the vortex region will be called
an antipode point with coordinates [z4nt, 0]. The antipode point is a stagnation
point.

Figure 3.3: Geometrical characteristics of perturbated transverse flow
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patterns for Re > 8 contain a vortex as seen in Figures [3.4 Moreover, the only
stagnation point outside the sphere except the centres of vortices is the antipode
point [zgne, 0] seen on the right of Figures for which Re > 8.

Angle of separation

A similar condition holds at the angle of separation, where the velocity vanishes.
By Taylor expansion of ([3.63)) at » = a in terms of 1 — a/r, we obtain

v=—pb (1 - ;’f) <aR”(a) (1 + 3?) + zS”(a)ij) + 0 ((1 - i>2> . (3.67)

The term aR’(a) (1 + %Re) + zS”(a)f—: vanishes at the flow separation. Since
z = acosf, we have

(84 3Re)R"(a)vao 8 + 3Re
Osep = arccos (— 357 (a)Re = arccos | — o — (3.68)
since R"(a) = Q(a) = 3% and S"(a) = T'(a) = _3:11;220' For Re = 8, we have
Osep|Re=s = arccos1 =0 (3.69)

as expected (since a vortex forms for Re > 8, see Figures [3.4]). For Re < 8, the
formula (3.68) does not make sense mathematically (there is no vortex present).
An interesting limit happens for Re — oo, we get

3
Osep|Re—so00 = arccos (4) ~ 41°25’. (3.70)

However, this is not a valid limit of the separation angle since the assumption that
Re is small no longer applies. Although, numerical results have been found for the
sphere in the regime of large Reynolds numbers. From the numerical solution of
the Navier-Stokes equations for transverse flow |Achenbach| [1972] estimates
Osep in the limit as

08€p|R€—)OO ~ 59°. (371)

This result is actually not so surprising since from Figures [3.1| we see that the
real flow has indeed a wider vortex zone.
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3.5 Rotating flow

In this section, we find the next term in the Stokes expansion corresponding to
the rotating flow discussed in Section [2.2]

Boundary conditions

The boundary conditions for the flow around a spinning sphere are given by
(2.23) — (2.25)). For the perturbation functions v; and p; they have the following

form

N} (3.72)
N — (3.73)
Pilrosee = 0. (3.74)

Lamb equations
Taking the curl of the first of Lamb equation (3.9), we have
AV x v = V x (’Uo . V’Uo) , (375)

where vg = pP@ = pw‘r‘—gga from (2.30). First, for vy« Vg standing on the
right-hand side of (3.75)):

6
A A A A A A A A a A
v+ Vo = pP - (pP'7p + P (pp — ¢p)) = —pP*p = —pw’5p. (3.76)

Taking the curl of the last expression and using the identity (E.5|), we get

6a5w?

r8

AVX’Ul =V x (’UO . V’Uo) =Zzp Qa (377)

Velocity

Equation (3.77) is a partial differential equation for v;. The form of the equation
suggests to search for the solution in the form v; = V x1p;. We chose

1 = 2p0@, (3.78)

where O = O(r) is an unknown function of . Note that this particular form
satisfies V « by = 0. Then,

v, = Vx(2p0@) = 2022 — Opp — zp0'8. (3.79)

The boundary condition (3.73)) gives O(a) = O'(a) = 0. Similarly, the boundary
condition (3.72)) gives O(oc0) = 0. Since

AV xv; = =A% = —A? (2p0@) = —2pE; [0] , (3.80)
we get
6a’w?
B§10] = ——5— (3.81)
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which is an Euler differential equation with a non-zero right-hand side. Let us

denote I = E¢[0]. By (B.§), we get for I:
1 - C 1
_ (.6 [ 6m2 _ a6 2 —6 _ 6 2
]—/r /7’ EG[O]deT—Gaw/T (r—0>dr—a (7“5_7“6)’ (3.82)

where the integration constant for the second integral is zero, otherwise O diverges
for r — oco. From (B.20) we find the constant C:

0=50(x) = /aoo rldr = a®w? (333 — 4;) : (3.83)
Hence,
C= 43d (3.84)
Therefore,
[ = a’w? <437f‘5 - :6> . (3.85)

The function O is given by (B.12):
O:/ 7“_6/ r® Idrdr
T T 3
:a5w5/a 7"_6/(1 76 (4; — :2) dr dr

T 3r? 5a?
_ 5 2 —6
=a w /a r <8 —ar + 8) dr (386)

Pressure

The pressure term p; is given by (3.47)), we get

1 :/ Vpedr = —7)/ (Avy — v« Vy) « 7 dr. (3.87)
v T
Simplifying the integrand by using (3.49), i.e.
I
e Avy = — (222 — p? 3.88
e lv = (22— p?) (3.88)

we get
<l 5 o 2 20° L 5 93
plz—n/ - (22 —p )—i—p W s dr:—gna w?q’ (14+(3—4q) cos (26)), (3.89)
where ¢ £ a/r. At r = a, we have ¢ = 1, so

1
P1lrea = —gnaQwQ (1 —cos(26)). (3.90)

Force and moment

Since the form of the solution b (see (3.78))) and p; is the same as in Section
there is no additional force nor moment due to the perturbation terms v; and py.
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3.6 Magnus flow

We now consider the sphere that travels
through a fluid with a constant speed vy,
along the z-axis and rotates with a con-
stant angular speed w around the s-axis,
w = w8 (see Figure B.5). The angle be-
tween the s- and z-axes is § (see Appendix
D] on coordinates).

Boundary conditions Figure 3.5: Magnus flow as the first

We place the center of the reference frame combined flow perturbation

in the center of the moving sphere. Since

the transverse velocity of the moving

sphere is constant, this reference frame is inertial. Let us denote v the veloc-
ity of the fluid and and p the pressure. Since v = vy + av; and p = py + ap;, the
boundary conditions take the form:

Volrso0 = Vo2 (3.91) o (3.94)
Volyea = WO (3.92) Vi]p—a = 0 (3.95)

Lamb equations

The fields vy and pg satisfy the Stokes flow equations (2.1)) and (2.2]). Since
these equations are linear with respect to linear combination in velocity, vy can
be expressed as the superposition of the transverse and rotating flow, i.e. vy =

Vo + Vo,. Similarly, pp can be expressed as py = po: + por (see Sections and
for the derivation of vy, vo,, por and pg,). Substituting this form into the Lamb
equation (3.9)), we get

1
A’Ul - EVpl = Vot * V’U()t + vo, * V’Uo,« + Vot * VUOT + vo, * V’U()t. (397)

Let us write v; and p; as v; = v + v, + V1, and Py = pir + P + Pim,
where vy, V1., p1s, p1,» are the perturbation terms derived in previous sections for
transverse and rotating flow, respectively (Sections and . Substituting
this ansatz for v; and p; into the equation , and since each of the terms
V1, U1y, P1t, P1r Satisfies its corresponding Lamb equation separately, we get for
unknown functions v, and pi,,:

1
A’Ulm - prlm = Vot * V’Uor + Vo ¢ V’U[)t. (398)
Ui
Taking the curl of (3.98)), we get
AV x Vim = V x (’U()t . V’UOT + Vo, * V'U[)t) . (399)
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This is simplified by using (C.17)) and (C.18)):
AVX’Ulm = (A’l,bOt)'V’Ugr —’UQT'VA’QbOt—F’UOt'VVX’UOT — (V X ’UDT)'V’UOt, (3100)

where vy, = V X1po, with ¥g, = pR@. The function R is given by (2.15)). Due to
the boundary condition (3.92)), the solution vy, of the Stokes equations (2.1) and
(2.2)) is given in the rotated spherical system by (12.30)), where p is replaced by o

and @ by ¢ (see (2.31)). Hence, vy, = 0 P¢, where P is given by (2.29). In view
of (E.6), we get

Vo, =V (anB) =oP'?Pd+ P (aqS — 913&) : (3.101)

Substituting this expression into the first term of the right-hand side of (3.100)
and using A (pR@) = pQ¢@ with Q = E4 [R], we get

(Atpoy) + Voo, = pPQ (p+8) b — pPQ (- ) 6. (3.102)
Substituting (3.34]) into the second term of the right-hand side of (3.100]), we get

vor + VAo = 0PQ (¢ p) ¢ — oPQ (- ¢) p. (3.103)
For VV x vy, term, we use (E.7) to get
P A A
VV xvy, = — (3778 + 007 — sI) — o P"#D. (3.104)
r

Similarly, the third term on the right-hand side of (3.100]) simplifies by using
(13.33)):

6:P'R. 20P'R /. 2sP'R
Vo VV xwg, =g+ 2 () p - s
T T r
220P"R ocR'P /~ 4 spR' P’ & (3.105)
. 2" (6-9) 7+,
r r T
Finally, in view of (E.6)), we get
V x v, = 2P§ — o P'D. (3.106)

Hence, by (3.34)), the fourth term on the right-hand side of (3.100) becomes

PR’ 2pPR’ A 2zPR'
(V xv0,) - Vg — 2L 5, 20D R (5-8)7 = P
r r r
2spPR" »  opP'R ;5 4 20P' R 4 (8107)
= N F B,
r r r
The first two terms (3.102) and (3.103]) subtract to PQu, where
uZp(+6)+0p(p-¢)—0p(d-p) 05 (4-2). (3.108)

Let us express w as a linear combination of three base vectors #, é, 9 (ie. u =
AT+ BO + C). Taking the scalar product of w with base 7, @, ¢ and expressing
the coefficients of the linear combination, we get

u:pé<“f"f>—aé<¢"f>, (3.109)
¢-0 p-0
where the coefficient A at vector # vanishes since p+# = 2 and 6 -7 = 7, so

w7 = 0. In addition, in view of (D.3|) and (D.2)), we can simplify (3.109):

w=ph (ff) —0'3<¢.e> = P TH sz s (3.110)
-0 95.19 r T
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Balancing relations

Therefore, in view of , the third and fourth term on the right-hand side of
are expressible as a linear combination of another three base vectors #, 2
and 8. Moreover, in view of , the first and second term on the right-hand
side of are expressible in #, 2 and 8§ as well. Simplifying all four terms,
we finally obtain

AV X vy, = szFf + 2G8§+ sHZ+ J (8- 2) 7, (3.111)
where we have introduced
F= %(P’R—PR’) — g(P”R—PR”)7 (3.112)
r r
P’ 2PR'

G=-PQ + O6rR +2P"R + TR + P'R, (3.113)

PR 2P
H=rg- " opp 2R _pp (3.114)

r
J=-2(P'R- PR). (3.115)

Note that they are rational functions of r. Moreover, they are not independent
on each other since

4 ' H 2
0=V -(AV xvy,,) = sz <F’+TF+€+T>+§-2 (J’+TJ+G+H) , (3.116)

where we have used s+ 2 = 2+ 8 = % (see Table|D.3)). Since (3.116) must hold

for all sz and 8§« 2, the terms standing in the front of sz and §+ 2 must vanish:

4 1

F’+;F+;(G’+H’) =0, (3.117)
2

J’+;J+G+H:O. (3.118)

By differentiation of (3.115)), J' = —2(P"R — PR"). Substituting this result into

(13.112)), we obtain
J J J\'
=—=+—=(—- 3.119
27 <7’> ’ ( )
which is the first so-called balancing relation. The second balancing relation

is obtained by summing up (3.113]) and ((3.114)):
2J

4
G+H=-(PR—-PR)+2(P'"R—PR')=-"">—J. (3.120)

r r

Velocity
The solution of (3.100|) will be searched in the form vy, = V x 1y, with

Y1m = 2K8 + sL2, (3.121)

where K = K(r) and L = L(r) are functions of r only (note that generally
V <1, #0). In view of the product rule of differentiation for the curl, we get

Vi = VX (K84 sL2) = KZx8+ 2K'fx8+ L8x2+sL'fx2. (3.122)
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The boundary condition (3.95) gives K(a) = K'(a) = L(a) = L'(a) = 0. More-
over, this form of solution for velocity satisfies the second Lamb equation (3.10]).
To check that, taking the divergence of (3.122]), we get

Vv, =Ve(KEx8+ 2K'Px8+ LEx 2+ sL'fx2)
YeP+ K'2+(Px8)+ L (8x2)F+ L&+ (Fx2) =0,
(3.123)
where (£2x8)«7 + 2+ (#x8) and (§x2)«# + §+ (#x2) vanish by using (C.7)).
The divergence of rx2 and rx8§, respectively, is zero by the formula (E.1)). Now,
we simplify the left-hand side of (3.111]). Since partial derivatives commute,
AV Xy, = AV XV X, = VXV xAy,,. First, we evaluate the Laplacian:
A1, = A(zK8+sL2) =V - (K28 + 2K'P8 + L82 + sL't2)
4 4 3.124
:z(K”+K’>§+s(L"+L') 2, ( )
r r

since A = V+V. Let us introduce M = K"+ 2K’ = E;[K] and N £ L"+ 21/ =
E4 [L]. Hence,
Avpy = M3 + sN2. (3.125)

In view of (C.15)), we get
AV X1 = VXV XAy, = VV « (M5 + sN2) — A (2M5 + sN2). (3.126)

The second term reduces to A (zM8+ sNZ2) = zE, [M]8 + sE4[N]2. Let us
simplify the first term. Since VV « (2M8) =

r

M’ M’
v (M§-2+sz> =M (8-2)7F+ (28+52) — +s2 <> . (3.127)

Replacing non-rotated coordinates with rotated coordinates and M with L, we
get VV « (zM8+sNZ) =

M N M N
(M'+N')(8+2)P+(28+52) <r+r> +52 <T+r> : (3.128)

Substituting the last expressions into (3.126)) and comparing the result with
(3.111]), we obtain a system of four ordinary differential equations:

M N
F = (r + r) , (3.129)
M N
G = —E,[M]+ —+ (3.130)
M N
H=—E4[N]+ —+ (3.131)
J=M + N. (3.132)
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Let us introduce U = M + N and V £ M — N. We then obtain an equivalent

system
Uy
F = () ) (3.133)

.
Gt =—m ]+ 2 (3.134)
G- H=—E,[V], (3.135)
J=U (3.136)

of four differential equations for two unknown functions U and V. This system
seems to be overdetermined due to a larger number of equations than the number
of unknown functions. However, substituting (3.136)) into (3.133)), we obtain

J /
F= () , (3.137)

r
which is exactly the first balancing relation (3.119)). Moreover, by (3.134]) and

(13.136)), we have

20’ 2

2
=-U'"--U=-J—--J, (3.138)
r r r
which is exactly the second balancing relation (3.120)). It means that three equa-

tions for U, namely (3.133), (3.134) and (3.136|), are all dependent dependent on
each other. Form the three equations, we will employ (3.136). By (2.15) and

(2.29), U can be computed by (3.132)), (2.15) and (2.29) as follows:

3

3 4
U= /J dr = —2/P’R ~ PRdr = wo <4i4 - ‘;) . (3.139)

Note that U does not contain the constant of integration since U approaches zero
for r — 00; otherwise K + L will contain r? term and thus diverging for r — oo.

Unlike the previous flows (see Sections and [3.5)), where S(c0) = O(o0) = 0,
we cannot put (K + L)(co) = 0 since by (B.20)):

1 foo 1 ©(3a* a® ) 9
K+ Ll o= g/a rUdr = ngoo/a (47”3 — 7‘2> dr = WVl (3.140)

It is a similar argument as in Section [3.4, where 1, # 0 as r approaches infinity.
The boundary condition (3.95) gives K(a) + L(a) = K'(a) + L'(a) = 0. Since
U =E4[K + L], in view of (B.12)), we get

K+L:/Tr_4/TT4U drdr

r T 34 3
:wvoo/a 7“_4/(1 1“4(4;2—?3) dr dr

r 3a’r  ar?  a?
2 —4
= WUl /a r ( I 4> dr (3.141)
— vaOaZ 37612 + @ + ﬁ ?
4 2r2 r 33 6

5) 2 2
= —WUa?— (1 — a) <1 — a> .
24 T or
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Now, we will find the function V. First, let us simplify the left-hand side of
(3.135)), taking the difference of (3.113)) and (3.114) and simplifying by (2.10))
and ([2.27)), we get:

G- H=—-2PQ +2(PR"— P'R) + 8 (PR — PR)+2P'R

g " (3.142)

=2P"R+ -PR +2P'R =2E,[P]R+2P'R =2P'R..
r

Finally, in view of (B.8), we can successively write

V= —2/7‘_4/T4P’R' dr dr

:wUOOQ/ /———drdr

v /—4 (_ a6+0> N (3.143)

T A
3(3a¢* a8 C
=Wl | — — — — = .
92 \4rt 616 3

Matching condition

The solution zKS§ 4 sLZz is not a general solution of 13.100: since we can add a
multiple of a solution of the Stokes equation (2.1)) to (3.121]) and (3.100)) is still

satisfied. The general solution, used for matching, is

Vi, = 2K8+sLE + kR (28 — s2). (3.144)

The second term corresponds to Stokes flow in the direction £x § since R(z8 —
s2) = R(£x8)xr. This is indeed a transverse flow in the direction £x § since a
transverse flow in the direction 2 is ¥ = pR@ = RZ xr. Hence, for the Stokes
flow in the direction of the unit vector 7 is given by ¥ = Rfv xr. In accordance
with the matching principle, there should be no flow in the direction £2x8. There
is no k in , the constant C' in is chosen such K — L vanishes for
r — o0o. In view of , we get

4 a6 C
0=3(K—L) yHoo:/a r(K—L)dr= wUOOQ/ <4T3 —675—72> dr. (3.145)
Hence,
a3
C==, (3.146)
3
which gives V' in the form
3(3a* a¢ ad
V== |—————]|. 3.147
o) (47‘4 676 27“3> (3.147)
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Since K(a) — L(a) = K'(a) — L'(a) = 0 and E4 [K — L] = V, in view of (B.12)),
we get

K—L:/TT"l/rr‘lV dr dr

= Wl = Tr*4 3a4r+a76_ﬁ_37a5 dr
= 002 i (3.148)
1

2 2
= )
4dr r 4dr
Hence, by adding and subtracting (13.141]) and (3.148)), we obtain separate expres-
sion for K and L:

WU @? a\? 5 5
WU @? a\? /. 4 )
ST (1 - r) (302 = 8ar — 10?) , (3.150)

which, together with ¢1,, = 2K 8 + sLZ, solves the equation (3.100]).

Pressure

Now, let us find the expression for the pressure. By (3.98]), we get

:/Vp1°d?":77/ ’U()t'V’U()r’f—F’UOT'V’UOt"I,“—f’A'vlm d”f’, (3151)
y r

where vy is given by (2.8), Vv« 7 by (3.50), and Vv, by (3.101)), respectively.

For Vv, « #, we can successively write
A ] A n A n n A A n A A 0- n
Vg, « 7 = (aP T+ P (agb — (j)a)) P =—0P@p& -7 =——P¢p. (3.152)
r
Then,

v+ Vg, + # = — (2R2 — pR'O ) —Pd=—(2PR+7rPR)(£x8)-#, (3.153)

A

where we have used 0¢p = r§ x# and identity (D.3] - Similarly, for the second
term in (3.151]):

/

.P A A
. opp+0 =—rPR (2x8) 7. (3.154)

Vor * V’UOt "f' =

Finally, in view of #+ Avy,, = # + V x A1y,,, the third term in (3.151) can be
arranged as follows:

P oA, = PV X (M5 + sN2) = (M—N) (2x8)+# =V (£x8)-7. (3.155)
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In summary,

Pim = (8% 8) -7 / _9rPR —2PR—V dr. (3.156)
Substituting for R, P,V and from (2.15)), (2.29) and (3.147)), we get
Voowa®n 3a  a®\ . . .
Pim === 5 <1 + — o r3> (2x8)-7. (3.157)

At r = a, we have

3 o0 A A A
Pim(a) = —% (2x38) 7. (3.158)

Magnus force

Let us now calculate the force. By linearity of Lambs equations in v; and p;, we
have for the force:

3R
F=F, (1 + 8e> + Fy, (3.159)
where
Fu=a / —prnf + 11+ (Vi + Vo, ) dS (3.160)

we have denoted the so-called Magnus force. Integrating the pressure term

—p1m® and using (E.16]), we obtain

3 o0 (e.0) A A
/ i 4§ = 2V ‘“7” “(2x8)- // #h d = TV T axs (3161)

Now, let us simplify the second term of the equation (3.160]) using the fact that
K=K =L=L =0atr=a. Since

Vv, = VV X (zK§+sLZ), (3.162)
therefore,
VUinlr—a = V (2K'# X8 + sL'F X 2) |,=q = 2K"(a)PPx8+sL"(a)PPx2. (3.163)
Hence,
P (V01 + VUL, ) rma= P V014 V01 Plmg= 2K () Px8+s L (a)Px2, (3.164)

since 7« (# xa) = 0 for a constant vector a. Integrating 27 and s#, respectively.

In view of the formula (E.11]), we get:
4

J] #(Vortvol,) dszgmﬁ (K"()~ () 3x6= S ma*V (a)3x3, (3.165)

since V(a) = B4 [K — L] |,y = K"(a)+2K'(a)— L"(a)— 2L'(a) = K"(a)— L"(a).
Substituting r = a into V' (see (3.147))), we get

3avse
Via) = C“é “ (3.166)
Hence,
3
J|_ 7+ (Foi+ 9ol,) as = T ks (3.167)
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Finally, summing up (3.161)) and (3.167]), we get the for the Magnus force:

Fy = 1003 vs0w 2 % 8. (3.168)

This is the formula obtained by Rubinov and Keller| [1961]. Note that both the
pressure and the viscous term contribute to the Magnus drag force formula in the
ratio 1 : 1 (compare with (3.167)). In contrast, in transverse Stokes flow
they contribute in the ratio 1 : 2 (see in view of and (E.12)).

Visualisation

We define a non-dimensional parameter I' = qw /Vso. Generally, Magnus flow is
3-dimensional and lacks rotational symmetry. Therefore, only cross-sections can
be well-visualised. If we choose 8 = 90° (see Figure , we get a flow with the
flow pattern in yz-plane (x = 0) shown for Re = 100 and I' = 0.5 in Figure
In this set up, the sphere rotates counter-clockwise around the x-axis pointing
perpendicularly out of the plane of the page. Flow patterns with I' = 0.5 for
various values of the Reynold numbers are given in Figure |3.8[on the next page.

\

A}

Figure 3.6: yz-plane cross-section of Magnus flow with Re = 100 and I' = 0.5

The streamlines seem to point to the right at the top

of Figure 3.6, However, since the sphere is spinning | —Sm————
counter-clockwise, we would expect the streamlines to 1.01s] —=

point to the left. Close-up inspection of Figure re- e
veals they indeed point to the left as the flow posses | gﬁéﬁéﬁg&g
a boundary layer near the surface of the sphere (see 1.o0s| [ = =
Figure the units are given such that a = 1). Quali- =

tativelly, the presence of a vortex as well as the bound- ~""%

-0.010-0.005 0.000 0.005 0.010

ary layer coincides with the (steady) numerical simula-

tion by Bagchi and Balachandar| [2002]. However, Mag- Figure 3.7: Magnus flow
nus force obtained by [Bagchi and Balachandar [2002] - Boundary layer

is nearly half of Rubinov and Keller [1961] and we need

to consider more perturbation terms.
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Summary

In the first chapter, we have outlined a framework for the thesis. General go-
verning Navier-Stokes equations are derived for an incompressible homogeneous
isotropic Newtonian fluid with density ¢ and dynamical viscosity 7, assuming
being constant.

In the second chapter, we have found the explicit solution of the Stokes equations
for the transverse flow around a sphere with a radius a moving with a small

constant speed v, (formulae (2.16]) and (2.19))

a a a 3ap a\ A
=V (1 — — 1+—){(l—=)2——(1+—-)0],
v (1=0) |0 5) (-0 - 55 (40))
3NAZVse
2r3

and for the flow around a rotating sphere with a small constant angular speed w
(formula (2.30))

p=0.

Using these explicit formulae, we have re-derived classical results of hydrodyna-
mics, that is, the Stokes’ law (formula (2.22]))

F = 6manv,2,

giving us the force due to the transverse flow, and the Kirchhoff’s law (formula
2-39))
M = —8mnwa’2,

giving us the moment due to the rotating flow.

In the third chapter, we have seen how a simple asymptotic matching condition
can be used for the derivation of approximate solutions of perturbated problems.
We have found the second term in the perturbation series for transverse, rotational
and combined (Magnus) flow around a sphere. Section [3.4] summarises the basic
characteristics of transverse flow around a sphere for low Reynolds numbers. An
exact solution for the velocity and pressure field of a perturbated problem has

been derived (formulae (3.62)) and (3.53)):
Voo 3 a a\?
N v 1+ ) (1-2) ¢
YT < +8av°°o‘> X<p( +27’>< 7’) ‘p>

3av? 2p a2 a a?
W (1Y) (14 2 D) g
16 X<7“< r)<+2r+2r2>¢>’

3NG* Voo 3
p=— 77;(;} <1+8avooa> cos
ang*vZ,

ol (q (14—24q+5q3> -3 (12—14q+ 12q2—q4> cos (20)) ,
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where ¢ = a/r and o = p/n. Using this formula, we have derived the Oseen

correction for the force (formula (3.64))
3
F = 6manvy, (1 + 8Re> Z,

where Re = apus/n = avs« is the Reynolds number. Unlike the case of the
transverse Stokes flow where streamlines are nearly parallel to the motion of
the sphere, the case in which a Reynolds number is larger the streamlines form
a vortex behind the sphere. This transition has been obtained from the exact
solution of the perturbated problem. The corresponding critical Reynolds number
turned out to be

Re = 8.

For Re > 8, a vortex is formed. Similarly, we have derived the distance z,,; from
the center of the sphere to the point behind the sphere where the fluid stands
still, and the angle 6., where the fluid separates from the surface (formulae (i3.66))

and (3.68)):

Zant = Z (—1 +v1 +3Re) ,
8+3Re>

0sep = arccos ( Te

The flow pattern obtained from this solution was then compared visually for
various values of the Reynolds number with the photographs of experimental
results performed by [Taneda) [1956] (see Figure [3.1)). The correction of the flow
around a rotating sphere has been also derived (formulae (3.86]) and (3.89))

3 5,2 2
v :pw%ga—onX <zpa d (1 — a) Lﬁ),
T 8 T

3
1
p= —ggcﬂwzq?’ (14 (3 —4q)cos(20)).

In fact, these additional terms of rotating flow do not contribute to force nor
moment. In accordance with the matching principle, we have found the explicit
expressions for the correction of velocity and the pressure due to the Magnus flow
around a rotating sphere with a small angular speed w and moving with a small

constant velocity v,2 (formulae (3.149), (3.150) and (3.157)):

2 2 2 A
Vi = eV X ((1—a) <3z (3¢ ~8ar—10r?) - (3&2—16ar—|—107‘2)>>
T

96 r 72

Pim =

Voo @31 3a a?
2r 3

12 +—>(2><§)-ff~,

where § is a unit vector pointing in the direction of the axis of rotation. Then,
using these results, we have re-derived the Magnus force acting on the sphere (the

formula (3.168))) for low Reynolds numbers:

Fy = moa®v.ow £ X 8.
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Conclusion

We have derived a formula for the Magnus force acting upon a rotating sphere
moving in an incompressible viscous Newtonian fluid for low Reynolds numbers
in a new way. We have also studied certain properties of the vortex formation of
transverse flow and presented corresponding formulae.

Recent research and the discovery of new artificial materials offers a great oppor-
tunity for numerical analysts to study their properties. These materials are not
always placed in a vacuum and therefore a shear flow may exist around them. The
study of a behaviour of the materials has to be then extended for an interaction
with liquid mediums. In case of the liquid medium itself is a new material and the
properties of the medium are known, a numerical simulation can be used to study
behaviour of the material in more complex and general situations. Formulae de-
rived in the thesis can then be used, for example, for the validation of numerical
simulations when simplified initial and boundary conditions, considered in this
thesis, are applied.

Solving the Stokes flow around a sphere for the no-slip boundary condition is a
special case of a broader class of problems, which have been studied in literature,
some of which are yet unsolved analytically. It turns out the force (and moment,
respectively) due to a Stokes flow with a prescribed initial velocity on the surface
of a sphere can be expressed in the form of a single integral formula. These
formulae offer an easy proof of the so-called Faxén’s laws and can be used to
approximate the force and moment due to transverse or rotational flow exerted
on almost spherical particles. The proof of these statements involves a use of
vector harmonic functions and goes beyond the scope of this thesis.

The third- and higher-order terms of the Stokes expansion can be found for trans-
verse flow around a non-spinning sphere (see Proudman and Pearson| [1957] and
Datta and Singhal [2011]). Similarly, the third- and higher-order terms of the
expansion series could be also found for the Magnus flow. Although the aim of
this thesis was not to consider higher-order terms, it would be interesting to find
them and compare them with experimental results by Briggs| [1959] and (steady
as well as unsteady) numerical simulations by Bagchi and Balachandar [2002].
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Appendices

A Some formulae on distributions

This section presenting some formulae on distribution is rather informal, for more
formal modern approach see |Schwartz [1957]. The Dirac delta distribution
d(x) is defined by

| e@i) dz = (0) (A1)

for any sufficiently smooth test function ¢(z). Moreover, we define a shifted delta
distribution d(z — a) such that

/OO o(z)d(x —a) dz = p(a). (A.2)

—00

For any sufficiently smooth f(x), it also holds

f(@)3(z - a) = f(@)3(x - a), (A.3)
| e@)f @il —a) do = p(@)f(@) = [ fla)p@)il - a) dz.  (A4)

Let us derive the action of the derivative of the delta distribution ¢’(x) on a
smooth function f(x). Integration by parts yields

| @@ de = - [ $()d(x) dz = —'(0). (A5)

—0 —00

Hence, in view of the product rule of differentiation, we get
f(@)d'(x) = f(0)0'(x) — f'(0)d (). (A.6)
Therefore,
d'(x) f(x) +0(x) f'(0) = 0'(z) f(z) + 6(2) f'(z) = (6(x) f(x))" = 6'(x) f(0). (A.T)

More formally, the last formula follows from

| e@f @@ de =~ [~ (p@)f@) o) da (A8)
= / +(z)f' () 0(x) dz = —¢'(0)£(0) — (0)f'(0)  (A.9)
- / () dz — L O:O F(0)p(2)6(z) da. (A.10)
Let us define the Heaviside step function §(z) such that -6(z) = §(z) and
o(z) = [ xoo 5(t) dt, (A.11)
thus:
o(z) = {(1) i i 8 (A.12)
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Hence,

/_; §(z —a) dt = 0(z — a) + C. (A.13)
Moreover, F'(z) = f(z), 5o
/f(a:)é(:x —a)de = fa)f(x —a) + C = —f(a)(a—z)+ D,  (A.14)
where (A.3) was used. Therefore,
/f(a:)é(:v —a)dz = /f(a)é(a: —a) = f(a)8(z —a) + C. (A.15)

The two apparently different results in the last expression are actually the same
since f(a — ) =1 —0(x — a). Also,

/ F(@)0(x — a) dz = (F(z) — F(a)0(z — a) + C (A.16)
since, differentiating and applying the product rule of differentiation,
((F(2)=F(a))0(z—a))'=f(2)0(x—a)+(F(x)—F(a))d(z—a)=f (x)0(z—a), (A.17)

where the second term (F(x) — F(a))o(x —a) = (F(a) — F(a))d(x —a) = 0
vanishes by (A.3). Another form includes

/ F(@)0(a — z) dz = (F(z) — F(a))8(a — z) + C. (A.18)
Special cases include (assuming s > a and r > a)
[ @t - s) du= (P () - Fls)) o — 5 (A.19)
and
/ar fw)b(s —u) du = (F(r) — F(s)) 0(s —r) — (F(a) — F(s)), (A.20)

which both follow from the previous cases.
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B Euler differential equation

Definition 3. A linear ordinary differential equation a,r"™R"™ +a,_,r" 'R+
..+aoR = f(r) with constant coefficients ar, where f(r) is some known function
and R = R(r) is a function to be solved, is called an Euler differential equation.

We will assume that r» > 0. The Euler differential equation’s characteristic solu-
tion is of the form r* (or 7*In"(r) if A is a root of the characteristic polynomial
with multiplicity k). In this paper, we are mostly solving the equations of the
form E, [R] = %127«]2% + 248 — (. Multiplying by r?, it is easy to see, that this

is indeed a homogeneous Euler differential equation. Let us solve the equation
substituting the characteristic solution 7, we get

e = 202 ) e et @)

Hence, for a # 1, the roots of the characteristic polynomial are A = 0 and
A =1 — a, respectively. The solution of a homogeneous ODE is, therefore,

For example, for o = 4, the general solution is
A
R(r) = —+ Br. (B.3)

r3
Another important example in an equation with the same operator E applied
twice, i.e. E2 [R] = 0. Substituting R = 1, we get

Ea [Ea []] = MA=140)Eq [r*72] = AA=14a)(A=2)(A=3+a)r* " (B.4)

The general solution is, therefore,
B

R(r) = (B.5)

where av # £1 nor o # £3. Two other important special cases include o = 4, for

which 4 B
R(r)=— + +C + Dr? (B.6)

or a = 6, for which

A B
R(r)=— —I— ;s +C+ Dr? (B.7)

are the solutions.

B.1 Nonhomogeneous equation

Since E, [R] £ R" + SR =r7¢ (r“R')’, we get, integrating the solution of the
nonhomogeneous equation E, [R] = f:

R(r) = /r_a (/ ref(r) dr) dr. (B.8)

Substituting f = 0 into (B.8)), we recover the homogeneous solution ([B.3))

R(r) = /r_o‘fl dr =

e (B.9)
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Special cases

Let us consider an Euler differential equation with a non-zero right-hand side
E. [R(r)] = f(r). Special cases include when the function R and its first derivative
vanish at some r = a (i.e. the boundary conditions are R(a) = R'(a) = 0). In
that scenario, note that

R'() = R'(a) + S R/(@) = Fa [RO)] oo = f(a). (B.10)

Moreover, we are able to express R(r) in terms of f(r) as a single integral. Inte-
grating (r®R')" = r®f(r) from a to 7, we get
r*R'(r) —a®R'(a) = r*R'(r) = / s* f(s)ds. (B.11)

a

Multiplying the previous relation by = and integrating, we get, finally,

R(r) = /ar e /at s*f(s) ds dt. (B.12)

Green’s function approach

We can express (B.12)) as a single integral. Let us suppose, that the solution of
E. [R] = f(r) with the boundary conditions R(a) = R'(a) = 0 may be written as

R(r) = /aoO G(r,s)f(s) ds, (B.13)

where G(r,s) is the so-called Green’s function. This solution satisfies the
boundary conditions R(a) = R'(a) = 0 if G(a,s) = G,(a,s) = 0. Moreover, if
Eo [G(r,s)] = 0(r — s), where 0(r — a) is the Dirac delta distribution and where
E. [-] is applied with respect to r, then, straightforwardly,

B[R] = [ E[Grs)) f(s) ds = [ 8(r = s)f(s) ds = (), (B14)

so (B.13]) is indeed a solution. Let us solve the system

E, [G(r,s)] = 0(r — s), (B.15)
G(a,s) =0, (B.16)
G,(a,s)=0. (B.17)

By (B.12)) and in view of the properties of Dirac delta and Heaviside distributions
(the formulae (A.14)) and (A.16])), we get (assuming s > a, so #(a — s) = 0)

r t T
G(r,s) :/ t’a/ u*§(u — s)dudt :/ t%s*0(t — s)dt
SCM

(B.18)
-1 (rl_o‘ - 51_0‘) O(r —s).
Hence, for R(r), we get
R(r) = /OO G(r,s)f(s) ds = /OO i (rl_a - 81_0‘> O(r —s)f(s) ds
el -« (B.19)
—aoi [ G- (G) )
From this expression, we have, for example (for a > 1), that
1 o)

R(0) = T / sf(s) ds. (B.20)
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C Vector and tensor calculus

This thesis works solely with 3-dimensional Euclidean metric space E? (through-
out the thesis, the word “space” is used for E?). In this space, we are able to
measure distances, magnitudes of vectors and angles as usual. For any two vec-
tors @ and b with magnitudes |a| and |b|, we define the so-called scalar product
of a and b as a scalar a « b such that

a-+b=|al|b|cosn, (C.1)
where v is the angle between a and b. Similarly, we define the so-called vector
product of a and b as a vector a x b perpendicular to both a and b such that
the triple (a, b, a xb) is a right-handed base and

laxb| = |al||b] sin~, (C.2)

where 7 is again the angle between a and b.

Algebraic identities

axb=—-bxa (C.3)
axa=0 (C.4)
a+(axb)=0 (C.5)
ax(bxec)=b(a+c)—c(a-b) (C.6)
a+(bxc)=c+(axb)=b-(cxa) (C.7)

Tensors

Tensors are generalisations of scalars and vectors: 0-rank tensor is a scalar, 1-rank
tensor is a vector. Generally, a tensor A of rank n may be written as a sum

A= Z Aiailaigaig e Qyp, (08)
i=1

where A; are scalars and a;; are vectors.

Definition 4 (Trace and Cross-trace). Let A be a tensor of rank n given by (C.8)).
The trace of A is a tensor TrA of rank n — 2 defined by

TrA = Z Aiail * A3 . .. Q. (Cg)
1=1

Similarly, the cross-trace of A is a tensor CrA of rank n — 1 defined by

CrA = Z Al-a,ﬂ XAioQ;i3 . .. Ay, (ClO)

i=1
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Fields

Definition 5 (Field). A field is a function which assigns a tensor of the same
rank to any point in space (i.e., a tensor-valued function). If the rank is 0, the
tensors are scalars and we say the field is a scalar field. If the rank is 1, the
tensors are vectors and we say the field is a vector field. Generally, we say the
field is a tensor field (of rank n). We say a vector field is a unit vector field if it
consists only of vectors of unit length.

Definition 6 (Isosurface). An isosurface of a scalar field f is a set of points in
space for which f is constant.

Definition 7 (Gradient). The gradient of a tensor field F of rank n is another
tensor field VF of rank n 4+ 1 which at any point X in space satisfies

o VEF(X) = lim F(X + ha) — F(X)
h—0 h

(C.11)

for any constant vector a.

This definition of the gradient satisfies all usual properties — linearity under ad-
dition and multiplication by constants and the product rule of differentiation. If
the field is a scalar field, the gradient is a vector field which is perpendicular to
all isosurfaces of that scalar field.

Definition 8 (Divergence, Curl and Laplacian). Let F be a tensor field of rank
n, we define the divergence of F as a tensor V «F of rank n — 1 given by

V.F =TrVF. (C.12)
Similarly, we define the curl of F as a tensor V X of rank n given by

V xF = CrVF. (C.13)
The Laplacian A is defined as A =V + V.

Differential identities

The following identities hold for any sufficiently smooth vector fields a and b.

AV xVxa=VxVxAa (C.14)

VxVxa=VV-.a-Aa (C.15)
1

a-Va,:§V(a-a)—a,><(V><a) (C.16)

V(a+b)=a+-Vb+b-Va+ax(Vxb)+bx(Vxa) (C.17)

Vx(axb)=aV:b—-bV-:a—a+-Vb+b-Va (C.18)

These identities are not independent. For example, if we write @ — a + b for v
real and substitute this into (C.16)), the left-hand side simplifies:

a-Va+7[a-Vb+b-Va]+O(72).
Similarly, the right-hand side turns out to be
1
§V(a-a) —ax(Vxa)+v[V(a+b)—ax(Vxb)—bx(Vxa)|+ 0O (72) .

Comparing the coefficients at v, we get (C.17)). Similarly, putting a = b, we get

([C16) from (CT9).
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D Coordinate systems

Definition 9 (Coordinate system). A coordinate system in E? is a set of any three
sufficiently smooth distinct scalar fields, the so-called coordinates. A coordinate
system is said to be orthogonal if the isosurfaces of coordinates are perpendicular
to each other at any point in space (except at a finite number of points).

In this thesis, six orthogonal coordinate systems are used: Cartesian (z,y, z),
cylindrical (p, ¢, z), spherical (r,0, ¢), rotated Cartesian (w,y, s), rotated
cylindrical (o, ¢, s) and rotated spherical (r,9,¢). These systems are con-
structed out of in total 12 scalar fields z, vy, z, p, o, 7,0, w, 0, P, s,9. We will refer
to x,y, 2, p,p,r, 0 as the non-rotated coordinates, w,y, s, o, ¢, r, 9 are the ro-
tated coordinates (note that y and r are both rotated and non-rotated at the
same time). The fields, with respect to a particular point X, correspond to either
distances (z,y, z,w, s, 0, p,r) or angles (¢, ¢, 9, 6) — see Figure[D.1] In this figure,
the point X’ is the orthogonal projection of the point X to the xy-plane, whereas
the point X" is the orthogonal projection to the inclined wy-plane. The angle
between the xy- and wy-planes is #. Also, in view of Figure the coordinates
are related by relations given by Table[D.1] Note that these relations are invari-
ant under replacement of the non-rotated coordinates by the rotated coordinates
and vice versa, in addition with g < —(3. Table summarizes the types of
isosurfaces of the coordinates.

Figure D.1: Coordinates
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Table D.1: Relations between coordinates

Non-rotated Rotated Mixed

r=pcosy w=o0cosp z=scosf —wsin
y=psing y=osin¢g x=ssinf+ wcospf
z=rcosf s=rcost s=zcosf+ xsinf
p=rsinf oc=rsint w=—zsinf+ xcosf

Table D.2: Isosurfaces of coordinates

Coordinate Isosurfaces

T,Y, 2,8 parallel planes

p, o coaxial cylinders

r concentric spheres
oN0) coaxial half-planes
0,9 concentric cones

D.1 Coordinate unit vectors

Definition 10. A coordinate unit vector is a unit vector field perpendicular to
isosurfaces of its corresponding coordinate pointing in the direction in which the
coordinate s increasing.

The coordinate unit vectors corresponding to the coordinates given by Figure
are £,2,p,p,0 (non-rotated), W,8,6,0,0 (rotated) and g, 7 (both being
rotated and non-rotated). The non-rotated coordinate unit vectors are visualised
at particular z and ¢ isosurfaces in Figure

Figure D.2: Coordinate unit vector fields — z- and p-isosurfaces

The triples (&, 9, 2), (5, ¢, 2) , (f,é, ¢) (W, 9, 8), (a,gz?, 3) , (rﬂ &) form or-
thonormal right-handed bases. That means, the scalar product of two different
unit vectors from the same base vanishes (for example £+g = 0, #+@ = 0,
§+p = 0 etc.). Similarly, the cross product of two different unit vectors from
the same base gives the third unit vector with plus or minus according to the
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orientation (for example g x 2 = p, FxX P = —0, gx 8 = etc.). In order to
find the scalar and vector products of two unit vectors from different bases, we
first, in view of Figure , obtain the diagrams given by Figure (the third
diagram is obtained from Figure as a y-isosurface). The standard notation
for vectors pointing in (@, ) or out (£) of a plane is used in Figure [D.3]

95’.0 T
0 P B Y
. /@ ®" .
£Xr
v T 9 N

Figure D.3: Coordinate unit vector fields — Diagrams

These diagrams show how the unit vector fields &, g, 2, p, @, 7, 0 are related to
each other at a point. In view of the definition of the scalar and cross products

(see (C.1)) and (C.2)), we obtain Table [D.3]

Table D.3: Scalar and vector products of coordinate unit vectors

Scalar product

Zep=cosyp Z+7 = cosl Z+8=cospf
Te@p=—sing 2.0 =—sind Ze = —sinf
Yy+p=sinyp p+7 =sind Ze8=sinp
Y+ P =cosp p-ézcos@ Zew = cosf

Vector product

EXp=sinpZz ZXT =sinfp 2% 8 =sin fy
EXP=cosp 2xé:008995 ZXx = cos Y
YxXp = —cospZz PXT = —cosf@ Ex8=—cospy
YXP =sinp2 ﬁxé:sin&ﬁ X W = sin fY

Other identities are obtained from Table replacing non-rotated coordinate
unit vectors by rotated coordinate unit vectors and vice versa, in addition with
replacement 3 + —f.

Miscellaneous

In this thesis, the following identities are used:

g g = ss - 28, (D.1)
r r
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o120 =pré-0=—pob-9=zs—1%8-32, (D.2)
A A A A SZTQ

2Pl =—5200 =—srpp=—s52p19 = (2x8).7. (D.3)
po

To prove them, we first decompose ﬁ,é into base 7,2 and &,ﬁ into base 7, 8,
respectively. Using Table and Table [D.3], we get:

PP =rExP (D.4) op=rixd (D.7)
p0 = 2P —r2 (D.5) o0 = sP —r8 (D.8)
pp =17 — 22 (D.6) 0F =1 —s§ D.9

The proof of (D.1)) is straightforward, by using (D.5]) and (D.8):

S R . —f(zﬁ—rﬁ)—i—f(sﬁ—rﬂ =52 — 28§
r r r r
To prove (D.2)), by using (D.§), we get
02D =2+ (sP—18) = > 153,
r

where £+ 7 = cos = 2 by Table [D.3] and Table D.1] The other equal signs in
(D.2)) are proved in the same way by using (D.4) — (D.9)). Similarly, by using the
formulae (C.5)) and (C.7)), we get

pop & = (rZx+)« (rff —s8) = —sr (2x#)+8§ = sri+(£x8§),

the rest in proving (D.3)) is obvious.
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D.2 Differential identities

Table D.4: Differential identities for coordinates and coordinate unit vectors

Scalar gradient Vector gradient Divergence
Vr=1+ Vﬁ:%(]l—ﬁﬁ) Voﬁ:%

Vo=p Vp= 4P Vep=1
Ve—1lp Ve —-lop V-3 -0

Vo =10 Vo= 2pp - L7 V.- =

Curl Scalar Laplacian Vector Laplacian
Vx7=0 Afr:% Af:—r%f
Vxp=0 Ap:% Aﬁ:—p%p‘
chﬁ:%ﬁ Ap =0 Acﬁ:—p%g?:
Vx0=1¢ N Aé:—p%f—p%é

Similarly, as in case of Table |D.3|] other identities are obtained from Table |D.4
replacing non-rotated coordinates by rotated coordinates.

Derivations

We now derive the identities given by Table By definition, Vx = &, Vy =
9, Vz=2and r = 2& + yg + 22. From this, #-& =x/r,F-g=y/r, P2 =2z/r
and also Vr = & + gy + £22 = [. Since the identity tensor is independent on
coordinate system, we have for the other two orthogonal systems I = pp+ @@ +
22 = 77 + 00 + $p. Comparing, we get pp + 22 = #f + 00 £ I,. Taking the
scalar product of the previous relation with 2 and p, we get

2 — ph =12, (D.10)
2P 4 20 = rp. (D.11)

def

Another comparison gives £& + g9 = pp + pp = I, Taking the scalar product

with &, we get

>
+

pE = xp — yP. (D.12)

Similarly, since p = x&+yg, we get Vp = &2+ 99 = L. Since r? = 2% +y?+22,
in view of the chain-rule of differentiation, 2rVr = 2z2& + 2yg + 222 = 2r =
2rf, so Vr = 7. Similarly, p> = 22 + y?, so Vp = p. Taking the gradient
of rsin = p, we get 2# + 2VO = p in view of the chain-rule. Therefore,

xT

7ﬁ - ycﬁ = :‘%7
P
we get Vi = %cf:. The vector gradients are given, straightforwardly, as V# =

Vo = %é Similarly, since the gradient of pcosy = x gives
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V () =1 (I —#7)since Vr = I Similarly, V (£) = 1 (&2 + §9 — pp) = L4,
since there are two ways of expressing I,,. Taking the gradient of the identity
Zxr = @rsinf = @p, we get by the product rule of differentiation: pV@+ pp =
~Ix2=—(Z22+pp+PP)x2 = pp — PP, so VP = —%cﬁﬁ. Similarly, since
pé = pPXT =r(EXP)XF = 2 — rZ, we recover a known identity. Taking the
gradient, we get pVO+p = 2F—P2+2 (1 - 7F) = % (Tﬁf — P2+ 200 + nggb)

Simplifying, using previously found identities, we get, finally, Vo = ﬁgocp — %BA'F

The other differential identities

Actually, only the scalar gradients and vector gradients (together with vector
calculus rules) suffice to derive all the other identities. The divergences, for
example, are derived from the vector gradients by the relation V « v = TrVw,
which holds for any vector field v. Similarly, V xv = CrVwv. For example,
V-0 =Tr(2¢p—107) = 2-¢p— 107 = = and Vx = Cr (2p¢ — 107) =
Zoxp— %OAX'F = 1. For any scalar Laplacian, we use the identity Af = V-V f,
which holds for any suitable scalar function f. This identity also holds for any
vector field v. Moreover, for vector Laplacian, one can also use the identity
Av =VV .«v— VxV xv, which holds for any suitable vector field v.
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E Miscellaneous identities

In the next section, R = R(r) and S = S(r) are functions of r variable only, ¢ will
be a function of variables with unit vectors perpendicular to @, i.e. ¢+ V¢ = 0.
Vector field a will be a constant vector field, whereas v will be any solenoidal

field, i.e. Vev = 0. The differential operator E, [ -] is defined by E, [f] = fr+ef

E.1 Differential identities

Ve(rxa)=0 (E.1)
R 1 R
A () = (Aw - pw) ¢ (B2)
A (pRp) = pE4[R] ¢ (E.3)
V (pR$) = pR'#$ + R (PP — $P) (E.4)
A Z / A
Vx(pRp) = PR (E:5)
V x (pRp) = 2R2 — pR'O (E.6)
V'V x (pRP) = i (3r#2 + pB7 — 1) — pR'76 (E.7)
r
A (2pS@) = zpEs [S] @ (E.8)
V x (2pS@) = 2522 — Spp — zpS'0 (E.9)
E.2 Integral identities
/ / #dS =0 (E.10) / / P dS =0 (E.14)
/ / 2 dS = 4@32 (E.11) || 2ot as=o (E.15)
= 8 . 4
/ pH dsS = —gﬂa Z (E.12) //T:Z“r dsS = gmf]l (E.16)
// 2FdS =0 (E.13) [ rzds=ama’z (BAT)

Derivations

In order to improve readability, we will derive some of identities (E.1]) — (E.17)
successively in separate text blocks. The number of each identity will be placed
at the beginning of each block in italics.

[E.1l. By the definition of the divergence and by using (C.5)):

Ve(rxa)=Tr[Vrxa]=Tr[lxa] = Tr[& (&
— 5 (Bxa)+ G (Gxa)+ 5

Exa)+g(gxa)+2(Zxa)
xa)=0.

[\
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[£.2. With help of the product rule of differentiation for Laplacian, we get

1
A(WP) = MA@+ 2V - Vg + pAP = A — ;isa - (Aw - p2¢> &,

which proves the original identity. O]

[E3. Since AR=V:.VR=V-(R%)=R"+ 2R and Ap =/, we have in view
of (E2):
R

R R
A(pRp) = (A(pR) - p) = (p +2pAR + pAR — p) b,

which proves the original identity. O

[£74. With help of the product rule of differentiation for the gradient, we get
V (pR¢) = pR$ + pR'F@ + pRV $,

which proves the original identity. O]

[E£.3. With help of the product rule of differentiation for the curl,
V X (pRp) = px Rp + pR'Px p + pRV x p,

which proves the original identity. O]

[E.d. With help of the product rule of differentiation for the curl, we get
V x(pR@) = pXx R$ + pR'F X @ + pRV x @,

which proves the original identity. O

[ With help of the product rule of differentiation for the gradient and by ([E.6)),
we get

V'V x(pR@) = V (2R2 — pR'O) = R'#2 — R'p0 — pR"#6 — pR'V,

which proves the original identity. O]

[E.8. With help of the product rule of differentiation for Laplacian and by ([E.4)),
we get
R AL os R A 22D o R
A(2pS@) = (Az) pS@ + 22V (pSP) + zA (pSP) = TPS’so + 2pEq [S] &,

which proves the original identity. O]
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[£.1]. By rotational symmetry,

// 2 dS = Az,

where A is some constant. Taking the scalar product with 2 and since 2«7 = 2

at r = a, we get
// 2% dS = aA.
r=a

Since we have not specified any preferred orientation in space for the 2-axis, we

have
A= [t as= [l gas=]] 2 as

Summing these three up, we get

3aA:// 22 P+ 2P dS:aQ// dS = 4ma*,

where we have used the value of the surface of the sphere with radius r = a, which
is 4ma®. Dividing the previous relation by 3a, we get the original identity. O]

[E.13. By rotational symmetry,
/ 00 45 = Az,

where A is some constant. Taking the scalar product with 2, we get at r = a

since £+ 60 = —f:

/ 02 dS = —aA.

r=a

Since p? = 2% + 2, we have

1
—aA:// x2—|—y2dS:// $2+y2+22d5—// szS:47ra4—§-47ra4.

Dividing the previous relation by a, we get the original identity. O]

[£.16. By symmetry in all directions,

// 77 dS = AT

where A is some constant. Taking the trace of both sides,

34 = ATr[I] ://T:f-ﬁ dS://T:adS:Maz.

Dividing by 3, we get the original identity. O
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