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The creeping motion of a hydrodynamically ‘Janus’ spherical particle, whose surface
is partitioned into two distinct regions, is investigated. On one region, fluid adjacent
to the particle obeys the no-slip condition, whereas on the other, fluid slips past the
particle. The fore-aft asymmetry of this ‘slip—stick’ sphere (Swan & Khair, J. Fluid
Mech., vol. 606, 2008, p. 115) leads to a number of interesting results when it is
placed in different flows, which is illustrated by computing the particle motion to first
order in the ratio of slip length to particle radius. For example, in a pure straining
field the sphere attains an equilibrium orientation either along the compressional or
extensional axis of the flow, depending on the ratio of slip-to-stick surface areas. In
a simple shear flow, on the other hand, the slip-stick sphere undergoes a periodic
rotational motion, or Jeffrey orbit. Moreover, depending on its initial orientation, the
particle can either follow a periodic translational orbit or undergo a net displacement
along the flow direction. Lastly, to first order in the volume fraction of slip—stick
spheres, the suspension rheology is non-Newtonian, with non-zero first and second
normal stress differences.

1. Introduction

The last decade has witnessed spectacular progress in the fabrication of nanoscale
colloidal particles with anisotropic shapes and surface properties (Glotzer & Solomon
2007). Recent reviews by Perro et al. (2005) and Walther & Muller (2008) have focused
on a particularly fascinating subset of these particles known as ‘Janus’ spheres — named
after the double-headed Roman god — which possess two ‘faces’ that can be designed
to be chemically (Roh, Martin & Lahann 2005; Hong, Jian & Granick 2006; Nie
et al. 2006), electrically (Takei & Shimizu 1997; Cayre, Paunov & Velev 2003) or
magnetically (Velev, Lenhoff & Kaler 2000) distinct. The potential applications of
Janus particles are wide ranging and include switchable display devices (Nisisako
et al. 2006), micro-rheological probes (Behrend et al. 2005) and emulsification agents
(Casagrande et al. 1989; Glaser et al. 2006). Furthermore, the dual-faced nature of
a Janus particle can lead to directed motion in the presence of an applied field,
which may be of interest in the context of microfluidics. For example, Gangwal
et al. (2008) fabricated ‘metallodielectric’ Janus microspheres with one dielectric and
one metal-coated hemisphere. When suspended in an aqueous electrolyte, application
of an AC electric field causes such a particle to steadily translate perpendicular
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to the field via induced-charge electrophoresis, in agreement with the theoretical
predictions of Squires & Bazant (2006). Moreover, Janus particles can be designed
to create localized gradients and therefore move autonomously. On this note, Howse
et al. (2007) constructed a microscale Janus swimmer consisting of a polystyrene
sphere with one platinum-coated hemisphere. The platinum acts as a catalyst for
the reduction of hydrogen peroxide (the ‘fuel’); the resulting asymmetric distribution
of reaction products generates a local gradient in osmotic pressure that propels the
microswimmer. In this paper, we consider theoretically a Janus particle whose two
faces are distinct from a hydrodynamic viewpoint, such that on one face fluid adjacent
to the particle satisfies the no-slip condition, whereas on the other, fluid slips past the
particle. Before venturing into the specifics of the present work, however, we briefly
review some fundamental aspects of slip at fluid—solid interfaces.

For a solid surface, the most commonly used boundary condition for the velocity
field is the no-slip (or stick) condition, which states that the velocity of a fluid element
adjacent to a surface is equal to the velocity of the surface. It is important, however,
to note that the no-slip boundary condition is an assumption that cannot be proved
rigorously. Indeed, the classic monographs of Lamb (1932) and Batchelor (1973) state
that while the no-slip condition is, in most cases, obeyed, there may exist certain
situations in which slip does occur. In a recent review, Lauga, Brenner & Stone
(2007) discussed two general mechanisms that may cause slip. The first is molecular
or intrinsic slip, wherein individual fluid molecules move relative to a solid surface
through the action of hydrodynamic (shear) forces. The second mechanism is that of
effective or apparent slip. Here, microscopic inhomogeneities at a fluid—solid interface
give rise to an effective slip at the macroscopic scale.

Approximately 200 years ago, Navier (1823) proposed a phenomenological
boundary condition that remains to this day the simplest and most commonly used
model for slip at fluid—solid boundaries. The so-called ‘Navier slip condition’ states
that the tangential velocity of a fluid element relative to a solid surface is proportional
to the rate of strain of the element. The scalar constant of proportionality is known
as the slip length 4. Mathematically, the Navier slip condition can be written as

u; — U,' = 2/1(6,] —n,-nj)Ejknk, (11)

where u; and U; are the velocity of the fluid and solid surfaces, respectively; n;
is the unit normal vector pointing into the fluid; §; is the identity tensor; and
E;j =(1/2)(0u;/dx; + du;/0x;) is the rate of strain tensor with x; as the position
vector. The slip velocity is simply the difference between the fluid and surface velocities,
u; — U;. Clearly, if A =0 one recovers the no-slip condition; at the opposite extreme, as
A — oo, the tangential strain at the surface vanishes. Note that while the Navier slip
condition allows for a non-zero tangential slip velocity, the relative velocity normal
to the fluid—solid interface, n;(u; — U;), must equal zero as fluid cannot pass through
the surface. Importantly, in (1.1) the slip length 4 is assumed to be independent of the
shear rate y =/2E; F/;;, with the consequence that the Navier boundary condition
is linear in the fluid velocity. Molecular Dynamics simulations of simple shear flow
between parallel plates by Thompson & Troian (1997) verified that the Navier slip
condition is valid for sufficiently low shear rates; at higher shear rates, however, 4 is
found to grow in a nonlinear manner with y.

A simple example of the effect of slip is provided by considering pressure-driven
flow through a circular channel of radius a. If fluid does not slip at the channel
walls one recovers the classic Hagen—Poiseuille velocity profile, and the flow rate
through the channel is given by Q = (ma*/8u9)AP, where jg is the viscosity and
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AP is the applied pressure gradient. If the channel exhibits slip, however, a slip
flow proportional to the shear rate at the wall is generated, and the ratio of slip
to no-slip flow rates is Qg;,/Q =1+ 44/a. The above example is, in fact, used as
the basis for measuring slip lengths experimentally (Cheng & Giordano 2002; Choi
et al. 2003). In this technique it is assumed, by construction, that the Navier slip
condition applies throughout the domain of interest. However, in a micro-fabricated
channel, for example, one expects some degree of heterogeneity as a consequence
of the manufacturing process or via contamination of the walls by molecules in the
surrounding fluid. For example, it has been postulated (Lauga & Stone 2003) that
the large values of slip length measured for pressure-driven flow of water through
hydrophobically coated capillaries is due to nucleation of ‘nano-bubbles’ at the walls
(Tyrrell & Attard 2001); the nano-bubbles act as zero shear stress (infinite slip length)
patches. Thus, it is possible that the local slip length may vary with position along
a channel. What is actually being measured in a pressure drop versus flow rate
experiment, then, is an effective slip length averaged across a portion of the channel
(Lauga et al. 2007). This issue was addressed by Lauga & Stone (2003) (see also
Philip 1972a, b), who computed the effective slip length for pressure-driven flow
through a cylindrical channel whose surface is patterned, either parallel or transverse
to the pressure gradient, into alternating regions of no-slip (A=0) and no shear
(4 — o0). Similarly, Priezjev, Darhuber & Troian (2005) compared the velocity fields
and effective slip length from Molecular Dynamics simulations to solution of the
Stokes equations for a parallel plate geometry in which the top plate translates at
constant velocity while the stationary bottom plate is patterned into periodic strips of
perfect slip and finite slip. When the strip widths are greater than 10 fluid molecular
diameters each, the two methods are in excellent agreement. For smaller strip widths,
the bottom plate appears molecularly rough, and the effective slip length computed
from Molecular Dynamics simulations is lesser than that from the Stokes equations.

One can also consider the effects of slip on the motion of particles in a viscous
fluid. For instance, Basset (1961) examined an isotropically slipping sphere of radius
a under the action of an applied force F; at low Reynolds numbers. The velocity
acquired by the sphere U; is equal to

_(1+37/a F;
Ui= <1 +2)»/a> 6T oa (12)

For a no-slip sphere (A=0), one recovers the Stokes drag, U;=F;/6muoa. As A
increases the shear stress on the particle surface diminishes, causing the velocity to
increase. Ultimately, as 1/a — oo one finds U; = F; /4nuoa, which is also equal to
the velocity of a translating spherical bubble. This is unsurprising as the boundary
conditions on the surface of a bubble — no relative normal velocity and zero tangential
stress — are the same as those for a perfectly slipping sphere. Note that as the slip
length is uniform over the sphere’s surface, the mobility of the particle is isotropic;
that is, the sphere translates solely in the direction of the applied force.

From the above discussion, a question that naturally arises is: what is the velocity
of the sphere when the slip length is not uniform over its surface? Swan & Khair
(2008) have addressed this question by analysing a simple model system for a
hydrodynamically Janus particle — the ‘slip—stick’ sphere, whose surface is partitioned
into two distinct regions. Over one region, fluid obeys the no-slip condition and over
the other, fluid slips according to the Navier boundary condition (see figure 1). In the
small-slip-length limit 1/a < 1, they derived Faxén-type laws relating the translational
and rotational motions of a slip—stick sphere to the various moments of force density




236 A. Ramachandran and A. S. Khair

x|

A u3= x|

Y

Y

X2

FiGure 1. Definition sketch for a hydrodynamically Janus slip—stick sphere of radius a in a
linear flow. Fluid slips over the surface S; whereas the no-slip condition is obeyed on surface
Sy; the relative surface areas of S; and S, are set by the ‘slipping’ angle «. The slip—stick
asymmetry is characterized by the director d;, which is a unit vector perpendicular to the
slip—stick dividing plane and pointing into the slip side S;. The orientation of d; with respect
to a right-handed Cartesian coordinate system is given by two angles: (i) equatorial angle ¢
measuring the angle between the director and the x3 axis; and (ii) polar angle 6 measuring the
angle between d; and the x, axis. In the sketch a representative shear flow us=yx; (with y
the shear rate) in the x3—x; (velocity—velocity gradient) plane is shown.

on its surface. For example, application of a force F; on a slip—stick sphere causes it
to translate with a velocity U; given by (see appendix C)

A ) F;
U = <1 +5 (4 — cos® a — 3cosa)8;; — 3cosa sin® d,-d,»]) 67“:0“ + 0(A/a)?,

(1.3)

where « is the dividing or slipping angle demarcating the slip and no-slip parts
of the surface (see figure 1), and d; denotes the symmetry axis, or director, of the
particle. Clearly, if « =0 the entire surface is no-slip and we recover Stokes drag;
for « = the entire surface (slightly) slips and U; =(1 + A/a)F;/6muea in agreement
with (1.2) for A/a < 1. More interestingly, for intermediate values of «, the mobility
of the sphere is no longer isotropic (except for the special case of a half-slipping
sphere a =m/2); that is, generally, the slip—stick sphere does not translate solely in
the direction of the applied force. The key point is that the Janus nature of the
sphere’s surface dictates that while the particle is geometrically spherical, it is no
longer spherically symmetric from a hydrodynamic viewpoint. The slip—stick sphere
is a body of revolution, nonetheless, and in analogy with other axisymmetric bodies
in Stokes flow (e.g. a spheroid), the resistances to motion parallel and perpendicular
to the symmetry axis are, in general, different.

We would like to emphasize here that hydrodynamically Janus particles may
actually be observed in a variety of physical settings. It was shown by Boehnke
et al. (1999) that a non-neutrally buoyant hydrophobic micron-sized particle when
immersed in a polar suspending fluid settles with a velocity that is about 20 %
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greater than that predicted by Stokes drag. This increase in the settling speed was
attributed to the presence of nanometre-sized air bubbles attached to the surface of
the sphere. The bubbles serve as zero shear stress regions for the suspending fluid,
and Boehnke et al. (1999) ascribed to the surface an isotropic effective slip length of
A/a=0.5. By analogy, an amphiphilic Janus sphere — such as made by Casagrande
et al. (1989) — when immersed in a polar liquid should also have nano-bubbles
attached to its hydrophobic hemisphere, thus endowing that face with an effective
slip length. On the other hand, the hydrophilic hemisphere should be a bubble-free
no-slip boundary. Particles with surfaces partitioned into slip and no-slip regions may
also be encountered in other physical situations. For example, vesicles synthesized
from a mixture of two different double-chain surfactants typically display ‘solid’ and
‘fluid’ domains at temperatures intermediate to the phase transition temperatures
of the two components (Korlach et al. 1999; Dietrich et al. 2001). Another simple
example is the creeping flow of fluid over a bubble or a drop with a stagnant cap. It
is well known from experiments that a rising bubble or drop accumulates surfactant
at its downstream end (Beitel & Heidger 1971; Sadhal & Johnson 1983). In the limit
of small surface diffusivities, the surfactant is tightly packed into a cap and fluid
obeys the no-slip boundary condition over the cap. The remainder of the surface
is surfactant free and therefore mobile. One can also envisage the synthesis of a
slip-stick sphere by fusing an impermeable hemisphere and a porous hemisphere.
When placed in solution air would cover the surfaces of the pores thereby creating a
collection of no-shear (i.e. perfect slip) zones over the porous portion of the sphere.
Thus, one could ascribe to the porous hemisphere an effective slip length (e.g. Taylor
1971). (We are grateful to Dr D. T. Leighton for this suggestion.)

In this paper, we consider the motion of a force- and torque-free slip—stick sphere
immersed in a linear flow at low Reynolds numbers. Using linearity arguments we
demonstrate that a slip—stick sphere can translate and rotate relative to the linear flow.
In particular, for a two-dimensional straining flow it is shown that a slip—stick sphere
acquires an equilibrium orientation along either the extensional or compressional axis
of the flow, whereas in a simple shear flow the sphere undergoes a periodic rotational
motion, or Jeffrey orbit. Moreover, depending on the initial orientation of the director
with respect to the shear flow, the slip—stick sphere may either execute a periodic
translational orbit or undergo a net displacement in the flow direction. The rheology
of a dilute suspension of slip—stick spheres is found to be equally rich; even to first
order in the particle volume fraction the suspension is non-Newtonian, with non-zero
first and second normal stress differences.

The present work is similar in spirit to that of Nir & Acrivos (1973) who studied
the motion of a freely suspended aggregate, or doublet, consisting of two unequal
touching spheres in a linear flow. (Note, the no-slip condition is obeyed on the surface
of each sphere). The aggregate constitutes an axisymmetric fore-aft asymmetric body;
hence, just as for a slip-stick sphere, the doublet migrates in a simple shear flow
and undergoes periodic rotational motion. Moreover, a suspension of such aggregates
possesses a non-Newtonian rheology to first order in the doublet volume fraction.
On a related theme, Dorrepaal (1978) considered the dynamics of a spherical cap
in a simple shear flow. Once again, the spherical cap is a fore-aft asymmetric body
of revolution that translates in a shear flow while executing cyclical orientational
motion.

In §2 we present governing equations for the slip-stick sphere in a linear flow.
Furthermore, using the linearity of Stokes equations and the fact that a single
vector d; characterizes the slip—stick asymmetry we derive simple expressions for the
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translational and angular velocities of the particle as a function of the imposed flow
field. These expressions contain a priori unknown coefficients that are determined
by an explicit solution of the Stokes equations via Lamb’s solution in the limit
Aja < 1.1In §3 we consider the dynamics of a slip—stick sphere in a straining flow and
simple shear. The rheological properties of dilute suspension of slip—stick spheres are
discussed in §4. Finally, in §5, we draw some conclusions.

2. Governing equations and consequences of linearity

Consider a hydrodynamically Janus slip—stick sphere of radius a freely suspended
in a linear flow. Under creeping flow conditions the velocity field in the fluid u; obeys
the Stokes equations

0%u; ap ou;
i _ 0’ d i
ijaxj Bx,- an 8)(,'

o =0, (2.1)
where o is the viscosity of the suspending fluid, p is the pressure and x; is the
position vector measured from the centre of the particle. Far from the slip-stick
particle, the fluid velocity approaches the imposed linear flow

o0 o0
up — €@; X+ Ejx;, as r — oo, (2.2)

where ¢;; is the third-order unit alternating tensor and r =(x;x;)"/2. In the above,
Ej and 20/ are the rate of strain and vorticity of the undisturbed flow, respectively.
Over the no-slip portion of the sphere S, (see figure 1), the fluid velocity satisfies

u; = U,' + €ijkW;Xk, (23)

where U; and w; are the translational velocity and angular velocity of the particle,
respectively. Note that U; and w; are not specified a priori; instead they will be
found from the requirement that the particle is force and torque free. On the
hydrodynamically slipping part of the surface, i, the fluid velocity obeys the Navier
boundary condition

u; = U,' + €ijkW;jXk + 2ﬂ (81] — n,»nj) Ejkxk, (24)

where n; is the unit normal; g =//a is the dimensionless slip length and Ej; is the
local rate of strain.

The complicated (mixed) nature of the slip—stick boundary condition renders
solution of the Stokes equations for the velocity and pressure fields a challenging
task. However, one can exploit the linearity of the Stokes equations and the fact that
the orientation of the particle is specified uniquely by the director, d;, to derive simple
expressions for the translational and angular velocities of the particle in terms of d;
and the ambient rate of strain E;7. Following Bretherton (1962) and Nir & Acrivos
(1973), for a freely suspended sphere the difference between the angular velocity of
the particle and that of the ambient flow is given by

w; — a)lOO = ﬂB((X, IB)Eijkdjdew (25)

km >

where the scalar B is a function of the slip—stick dividing angle « and the non-
dimensional slip length 8 only. Clearly, if the surface is either uniformly no-slip
(=0 or B=0) or uniformly slip (¢ =m), the particle is spherically symmetric and
thus the sphere simply rotates with the ambient angular velocity . For intermediate
values of @ and non-zero 8, however, B is non-zero and must be found from an explicit
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solution of the Stokes equations subject to the slip—stick boundary conditions and
the requirement that the particle is force and torque free. Similar linearity arguments
can be used to write the translational velocity as

Ui = ap [file, BETd; + fole, p)did;deES) . (2:6)

where the functions f; and f>, again vanish if « =0, « =1 or 8 =0.

Even though the above (exact) expressions for the rotational and translational
velocities derived from linearity arguments appear simple, one can illustrate their
power in the following example. Consider the sphere placed in the simple shear flow
us =yx; and oriented along the flow direction (d; = §;3). In this case,

o —wf =0, w — o =—B, ,B)%, w3 — w? =0, 2.7)

so that deviation from the local rotational motion is along the vorticity axis only. On
the other hand, the translational velocity becomes

Ui =ifile pYS. Ur=0, Us=0, 28)

which implies that translation relative to the local flow occurs only along the velocity
gradient axis.

Note that a fore—aft symmetric particle such as a prolate spheroid will not translate
when placed at the centre of a linear flow. This is because such a particle is physically
invariant to reflection about its equatorial plane of symmetry. The translational
velocity should thus be unaffected by the transformation d; — —d;, which is possible
only when f;=f, = 0. The slip-stick particle, on the other hand, is Janus and
therefore not fore—aft symmetric; consequently, its translational velocity in a linear
flow is non-zero. In contrast, the expression for relative angular velocity (2.5) contains
an even combination of d;, and is thus unaffected by the transformation d; — —d;.

While the above arguments provide direct expressions for the translational and
rotational velocities of the particle, one has to solve the Stokes equations to determine
the scalar coefficients B, f; and f>. As mentioned above, for arbitrary § this a difficult
task; therefore, to make progress we invoke the limit 8 < 1 in which the slip length
is much smaller than the particle radius. To proceed, the velocity and pressure fields
are written as regular perturbation expansions in 8, viz

wi=u +pu’ + 0B, p=p"+pp"+ 08, (29)

where the zeroth-order fields u © and p© correspond to a no-slip particle translating
with velocity U; and rotating w1th angular velocity w; — w}° relative to the linear
flow. The first-order velocity u( ) and pressure p(» satlsfy the Stokes equatlons and
vanish at infinity. Most 1mp0rtantly, the first-order slip flow u "at r=a is forced by
the normal component of the zeroth-order rate of strain E(J n;. The first-order fields
are computed using Lamb’s solution for Stokes flow; full detalls of the calculations
are given in appendix A. In fact, using the approach described in appendix A, one
can calculate the complete grand resistance matrix (Kim & Karrila 2005) for the
slip—stick particle, and this is presented in appendix B. The translational velocity U;
and relative angular velocity w; — w{* are determined by asserting that the total force
F= Fi(o) + ﬂFi“) and total torque 7; = Ti(o) + /STi(l) on the particle are equal to zero.
The scalar constants calculated in appendix A to leading order in S are summarized
in table 1. With this information, we can compute the dynamics of the centre of mass
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Scalar Functional form
B —(15/16) sin* @ cos &
fi —(5/8)sin*a (1 + cos’ )
£ (5/16) sin® & (—5sin® o + 4)
g1 —(15/8)(1 — cosa)? (cos® a + 2 cos® a + 3cos o + 4)
& (75/16) cosa sin* a (7 cos® a — 3)
8 —(75/8) cos’ a sin” &

TaBLE 1. The leading-order term in 8 for the various scalar constants appearing in the
expressions for rotational velocity (2.5), translational velocity (2.6) and stress tensor (4.3).

and the orientation of a slip—stick sphere when placed in a general linear flow, and
this is discussed in the following section.

3. Particle motion in a linear flow

In the previous section, we observed that the imposition of the force- and torque-
free restrictions on the slip—stick sphere endows it with translational and rotational
velocities that are, in most cases, non-zero. In this section, we explore the rich
dynamics exhibited by a hydrodynamically Janus particle in a general linear flow,
and in particular, a simple shear flow.

Consider a slip-stick sphere placed in the general linear flow u}”=E7x; +
(1/2)€;x@¥ xr. The governing equations for the motions of the director and the
centre of mass x/ of the slip-stick sphere are as follows:

ddi 0 0 0
E = ei‘,-ka)‘,-dk = eijka)j dk + ﬂB (Eij dj — diEjkdjdk) ,
3.1)
dxf 1 A ‘ ” (
d[l = <E,:,~xj + 26,~_,-ka)ka> XJI-J + (lﬂ (f] E;Cd/ + f2didjdkEjk) .

Note that the evolution equation of the director is identical to that of an axisymmetric
particle (e.g. see Kim & Karrila 2005). Therefore, the director is expected to describe
Jeffery orbits in a simple shear flow analogous to a spheroid. The Bretherton constant
for the slip-stick sphere is BB. As noted by Dorrepaal (1978), the sign of the
Bretherton constant is indicative of the geometry of an object; for example, prolate
(oblate) spheroids have positive (negative) values of the Bretherton constant. In
the case of a spherical cap, the Bretherton constant is negative, indicating the oblate
character of the cap’s shape (Dorrepaal 1978). In contrast, the asymmetric doublet of
Nir & Acrivos (1973) is a prolate body with positive Bretherton constant. Interestingly,
for the slip—stick sphere, the sign of the Bretheron constant 8B depends on the value
of the slipping angle «. For 0 < o < m/2, BB < 0, so that the slip—stick sphere is
oblate, whereas for n/2 < a < m, 8B > 0, hence the slip—stick sphere is prolate.
The hydrodynamic aspect ratio # of the equivalent spheroid is

1+ BB 1 —(15/16)p sin® a cos & 15 ., 5
R = ~ ~1——fBsin"acosa + O . (32
\/1—/33 \/1+(15/16)ﬂsin2acosa 16'3 aeose (5. (32)

Notably, when the slipping angle « is equal to 0, w or ©/2, the aspect ratio Z is equal
to unity. The dynamics of the director for these cases will be identical to that of an
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isotropic sphere — a rotation with the ambient angular velocity w{°. These behaviours
will be explained physically in subsequent paragraphs of this section.

Let us study the dynamics of the slip—stick sphere for the simple shear flow u$ =y x;.
For this flow, it is convenient to write the director in spherical coordinates as

dy =sinf sing,
d> = cos0, (3.3)
d; = sinf cos ¢,

where 6 and ¢ are polar and equatorial angles, respectively. The governing equations
simplify to

do B . .

T ZV sin 20 sin 2¢,

dp vy B .

PP +ﬂ2ycos2¢, (3.4)
dx?

dtl = yx{ 8 +aBy %(51‘1613 + 8i3dy) + fodidids | .

To better understand the individual contributions of the rotational and straining
components of the simple shear flow to the particle dynamics, we will split our
discussion into three cases: (a) the sphere placed in an ambient rotating flow, (b)
the sphere placed in a pure straining flow and (c) the sphere placed in the complete
simple shear flow.

3.1. Slip—stick sphere in the ambient rotating flow u? =(y /2)(8;3x1 — 8;1x3)

In this rather trivial case, the governing equations for the translational velocity and
the director reduce to

do

Y _o

dr '

d¢ 4

o _ 7 3.5
o . (3.5)
dx? 1 /

dtl = Eeijka)fx,f = % (6i3xlp - 8,‘1)(_7{)) :

The slip-stick sphere thus executes a rotational motion with an angular velocity
identical to that of the ambient field, and simply translates with the local ambient
velocity evaluated at the centre of the sphere.

3.2. Slip—stick sphere in the pure straining flow u =(1/2)y (8;3x1 + 8;1x3)
For pure straining flow, governing equations (3.4) become

((11—? = ,Bg)'/ sin 26 sin 2¢, (3.6a)
d B

d—dt) = ,35)'/ cos2¢, (3.6b)
dx?

d; = % (5i1x3P + 8i3xlp) + a,B)/ % (8i1d3 + 6i3d1) + fzdidld?) . (366)

Let us first examine the rotational behaviour of the sphere. Clearly, the dynamics
of the equatorial angle ¢ is independent of the polar angle 6 and thus
may be examined separately. There are four steady states of the equatorial
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FIGURE 2. Why the quarter-slipping and three-quarter-slipping spheres rotate in opposite
directions in pure straining flow. The shaded areas of the spheres in (a) and (b) represent their
slipping portions. (¢) The labelling convention employed in the text for the various octants
Ia through IVb of the flow. The curved arrows with triangular heads near the sphere surface
convey qualitatively the local torque acting on the surface due to the imposed flow. The arrows
with filled triangular heads (in the no-slip regions) indicate a stronger torque than those with
hollow triangular heads (in the slipping regions). ‘Summing up the curved arrows’ around the
sphere yields the net torque. One can see that the total torque acting on the quarter sphere in
(a) is negative which will result in a clockwise motion of the sphere. On the other hand, the
three-quarter sphere in (b) will experience a positive torque of equal magnitude as the sphere
in (a), and, in response, will rotate in the anticlockwise direction.

angle ¢ =(n/4, 5n/4), (3n/4, Tn/4). The brackets group together physically identical
orientations of the sphere. Out of these, one pair represents a stable fixed point,
while the other pair is unstable. The stability depends on the sign of the Bretherton
constant B, which, in turn, depends on the degree of slipping of the sphere «. Before
we examine the stability mathematically, it is instructive to consider the stability
behaviour through physical arguments.

Let us first attempt to predict the direction of rotation of the sphere as a function
of its orientation for the case of 6 =m/2 when the director is oriented in the plane
of shear. It will be shown later that this is a stable steady state for the polar angle.
Thus, if the sphere starts out with its director in the plane of shear, it will remain
in the plane of shear. Consider a slip—stick sphere with a slipping angle o =m/4
oriented along the x3 axis (see figure 2a). We divide the flow field into eight octants
(Ia, Ib, IIa, IIb, ..., IVDb) as shown in figure 2(c), for purposes of this discussion.
In figure 2(a), with « =7/4 and ¢ =0, the negative torque on the sphere in octants
Ib and Ila (no-slip) cancels the positive torque in octants I1Ib and IIla (no-slip). The
residual torque on the sphere arises from a balance between the negative torque in
the no-slip octants IIIb and IVa, and weak positive torque in the slip octants IVb and
Ia, which results in a net negative torque on the sphere. Hence, as the sphere is torque
free, it rotates in a clockwise direction. Thus, for « =n/4 and ¢ =0, w, should be
negative.
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FIGURE 3. Why the half-slipping sphere does not rotate in pure straining flow. The legend is
the same as in figure 2. Summing up the arrows over each sphere, one can see that the solid
arrows in the no-slip regions always cancel each other out, and the same is true for the hollow
arrows in the slipping regions. Therefore, the net torque on the half-sphere is zero regardless of
the orientation. The straight arrow with the dark triangular head in (a)—(e) shows the direction
of the net force acting on the particle due to the flow. (a) ¢ =0; because of the symmetry of
the half-sphere, there is a net force acting in both slip and no-slip portions only along the x;
axis. However, the magnitude of the downward force over the no-slip region is greater than
the upward force in the slip region, resulting in a net downward force. (b) ¢ =mn/4; there is an
overall pulling force acting along the extensional axis in both the slipping and non-slipping
regions. But since the pull in the no-slip region is stronger, the sphere is dragged along the
extensional axis towards its no-slip face along —d;. Similar explanations may be offered for

(c)(e).

Now consider a three-quarter-slipping sphere (« =3mn/4) with ¢ =0 as shown in
figure 2(b). In this case, the torques in octants Ila & Ib and Ia & IVb cancel out
each other. A net positive torque acts on the particle due to the stronger positive
torque on the no-slip octants IIb and IIla than the weaker negative torque on the
slip octants I1Ib and IVa. Thus, for « =3n/4 with ¢ =0, w, should be positive. This
reversal of the direction of the angular velocity with the transformation « —» © — «
may be demonstrated with such physical arguments for arbitrary o and orientation
¢. This is supported by the factor cos« in the expression for B (see table 1). Note
that when o =m/2, the angular velocity is identically zero. This may be explained



244 A. Ramachandran and A. S. Khair

with the diagrams in figure 3. From these figures, it is seen that for any orientation
of the half-slipping sphere, there are always two no-slip and two slip octants with
positive torque, and two no-slip octants and two slip octants with negative torque.
The net torques in the slip and no-slip halves of the sphere are exactly zero, resulting
in a torque-free particle.

Consider again the quarter-slipping sphere as shown in figure 4 in various
orientations. figure 4(b) shows the slip—stick sphere oriented in the steady-state
configuration of ¢ =7n/4. In this position, the torques in the no-slip octants Ia
through IIIB cancel each other exactly, so also do the torques in the slip octants [Va
and IVb. Thus, the net torque on the sphere in this position is identically zero. In fact,
this argument for zero angular velocity of the sphere is valid irrespective of the value
of «. Similar arguments may be used to demonstrate that ¢ =n/4,3n/4 and 7n/4
are also steady-state orientations. To determine the stability of these orientations, we
study the effect of imposing a perturbation in ¢ from these steady states. The steady
state is stable if the perturbation decays in time, and is unstable if it does not. For
purposes of simplicity, let us take this perturbation to be 4+n/4. Using the arguments
presented in the previous paragraph, one can see that starting from either of the
positions 0, /2, © or 3m/2 (left panel in figure 4), the sphere will eventually orient
itself along the compressional axis (¢ =3n/4 or ¢ =7n/4) (right panel in figure 4).
Thus, for a quarter-slipping sphere, the orientations along the compressional axis are
stable, while orientations along the extensional axis (¢ =mn/4, 5n/4) are unstable. This
result applies for all angles @ < m/2. In a similar fashion, it may be demonstrated
(see figure 5) that a three-quarter-slipping sphere always tends to orient itself along
the extensional axis of the straining flow.

The above predictions may be corroborated by performing a linear stability analysis
of governing equations (3.6a) and (3.6b). It may be shown that one eigenvalue for
this equation is e; = — 8B sin 2¢", where ¢ is a steady-state solution to (3.6b). Thus,
for the combinations ¢*=mn/4 or 5n/4 and B < 0 (0 < o < m/2), and ¢ =3n/4
or Tm/4 and B > 0 (n/2 < a < m), this eigenvalue is negative, implying that the
steady states are stable. This is exactly what is predicted by the physical arguments
presented above. The second eigenvalue e, is simply —e; cos(20%)/2. The steady-state
values for 6 from (3.6a) are 6" =0, /2, ©. It may be seen that provided e; is negative,
e, 1s negative only for " = /2. Therefore, the sphere always ultimately orients itself
into the plane of the pure straining flow. It is important to note that the dynamics
of the director is only a function of 6 and ¢ and is, therefore, independent of the
position of the particle in the flow. Thus, given an initial orientation, the evolution of
the director will be the same irrespective of its initial position.

Now consider the translational motion of the sphere as described by (3.6¢). Let us
begin with the sphere placed at the origin of the flow. In this position, the translational
velocity is O(aBy) and depends strongly on its orientation. If the director is initially
along the x; axis, then for any value of «, the particle is displaced in the negative
x1 direction. This may be understood by examining, for instance, figure 3(a) showing
the quarter-slipping sphere. The forces acting on the sphere in octants Ib & Ila and
IIIb & IVa balance each other exactly. The forces that act in the no-slip octants I1b
and IIla and the slip octants IVb and Ia when integrated act only in the negative
and positive x; directions, respectively. Since the no-slip force is greater than the slip
force, the net force acting on the particle is in the negative x; direction. The sphere,
therefore, moves along the negative x; axis to balance this force. These arguments
may be applied for arbitrary « to show that the sphere will move only in the negative
x1 direction when it is placed at the flow origin with d; = §;3. Similarly, when d; = —§;3,
the sphere is displaced in the positive x; direction.
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FIGURE 4. The stable orientational configurations of a quarter sphere in a pure straining
flow. For the meanings of the arrows, refer to the caption of figure 2. The left panel
shows different initial orientations of the sphere, while the right panel displays the final
orientations that these initial configurations evolve into. One can see by summing up the
arrows that the net torques for all the orientations in the right panel are zero. In (a) with
¢ =0, summing up the arrows in the initial configuration indicates that the sphere should
experience a negative torque, and consequently it settles into the steady state along the
compressional axis with ¢ =7n/4 as shown in the right panel (b). On the other hand, when
¢ is initially equal to 3n/2 (c, d), the sphere experiences a positive torque and again returns
to the steady configuration shown in the right panel. Similarly, when starting with ¢ =n and
¢ =mn/2, the sphere again rotates to settle along the compressional axis, but this time with
¢ =3n/4.
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Initial orientation Final orientation

FIGURE 5. The stable orientational configurations of a three-quarter sphere in a pure straining
flow. For the meanings of the arrows, refer to the caption of figure 2. Using arguments identical
to those put forth in the caption for figure 4, one can see that the sphere always rotates to
arrange itself along the orientationally closer extensional axis (¢ =n/4 or ¢ = 5Sn/4).

Consider the case when the sphere is oriented along the extensional axis of the
flow. There is a net force acting on the sphere along the extensional axis towards
the no-slip side (along —d;), irrespective of . On the other hand, when the sphere
is oriented with its director along the compressional axis, a net force acts along
the compressional axis towards the slip side (along d;). These trends may be easily
verified from (3.6¢) and the expressions for the functions f; and f, in table 1. Once



Dynamics and rheology of slip—stick spheres 247

1.00

0 5 10 15
Byt

FIGURE 6. Plot of the evolution of the ratio of the in-plane coordinates x3/x; (for ¢ =0, m)
or x1/x3 (for ¢o=m/2, —n/2) for §=0.1. The results are identical for « =n/4 and o =3n/4.
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FiGURE 7. Plot of the evolution of the orientation of the director ¢ for 8 =0.1 and o =n/4.

the sphere is displaced from the centre of the straining flow, its translational motion
is dominated by the component arising from the ambient straining flow [the first
term in (3.6¢)] which is independent of the orientation of the sphere. Said differently,
the centre-of-mass motion becomes independent of the director dynamics once the
sphere is sufficiently far away from the centre of the flow.

In figures 6 and 7, we have shown the dynamics of a quarter-slipping sphere for
different initial orientations. From the figures, it may be seen that irrespective of the
initial orientation ¢, the particle finally aligns itself with the compressional axis of
the flow in the plane of shear, while the centre of mass moves close to extensional
axis once the particle leaves the flow centre. For a three-quarter-slipping sphere, the
motion of the centre of mass eventually is, again, along the extensional axis away
from the flow centre, but this time it orients with the extensional axis (see figure 8).

The particle also has four steady-state positions corresponding to specific initial
orientations, two each on the compressional and extensional axes, which are
symmetrically placed around the flow origin at a distance of O(Ba). For example,
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FiGURE 8. Plot of the evolution of the orientation of the director ¢ for § =0.1 and « =3n/4.

if the particle is on the compressional axis (quadrant II) with ¢y =3mn/4, the steady
position is achieved by a balance between the straining flow sweeping the particle
towards the origin and the outward translational motion due to the response of the
particle to the external flow. These steady-state positions are, however, unstable.

3.3. Slip—stick sphere in the simple shear flow u$ =yx;

To understand the motion of the hydrodynamically Janus sphere in the simple shear
flow u$ = ypx;, we simply combine the results of the purely rotational and straining
cases. The governing equations have already been presented in (3.4), and although it is
possible to obtain an analytical solution to these equations (for the actual formulas, see
Nir & Acrivos 1973), we employ a numerical method here. The numerically evaluated
results of the centre of mass and particle trajectories are shown in figures 9-12. The
rotational motion is the sum of rigid body motion about the x, axis and a rotation
due to the inability of the sphere to deform in the straining flow, which results in
Jeffrey orbits as alluded to earlier in this section. However, since the contribution of
the straining flow to the rotation is O(g), the orbits are only weakly perturbed from
perfect circles (see figure 12b).

The motion of the centre of mass of the sphere is much more interesting. The
particle may either execute a periodic motion, or experience a constant displacement
along the x; (flow) axis at the end of every period of rotation. The type of trajectory
depends on whether the director is parallel to the flow as the sphere passes through the
zero velocity plane. If this is the case (i.e. ¢ =0 when x; = x3 =0), then the trajectory
is a closed orbit (see figures 9 and 12) whose size scales as af. If this condition is not
satisfied, then the sphere experiences a net drift along the x; axis after each period
of rotation (see figures 10 and 11). This may also be demonstrated by examining the
analytical solutions to the governing equations, but in the interest of brevity, we shall
not pursue this here.

The trajectories in figures 10 and 11 may be understood with the aid of our
discussion of the translational motion of the Janus sphere in pure straining flow.
For example, consider the drift of the half-slipping sphere initially placed at the
flow origin with orientation ¢y =m/2, as shown in figure 11(c). From figure 3(c), the
sphere experiences an instantaneous drift along the —x; direction. At the same time,
it rotates with the ambient flow in the clockwise direction, resulting in an equatorial
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FIGURE 9. Closed-orbit trajectories (solid lines) with sphere orientation (arrows) for g=0.05
and different «. The initial position for all these simulations is the origin. The sphere starts
out and remains in the plane of shear (9 =n/2), and the initial orientation ¢, is zero. The
parameter « for (a), (b) and (c¢) are n/8, n/4 and n/2, respectively.
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FiGure 10. Non-periodic trajectories (solid lines) with sphere orientation (arrows) for different
¢o with o =n/4 and B=0.05. The integration with time was carried out up to ytr=25. The
initial position for all these simulations is the origin. The sphere starts out and remains in the
plane of shear (6 =m/2). The initial orientations ¢, for (a), (b) and (c¢) are n/8, n/4 and n/2,
respectively.

angle ¢ < m/2. For this orientation, the translational velocity of the sphere acquires
a component in the —x; direction (e.g. see figure 3b) and the sphere drifts below
the zero velocity streamline. Subsequently, it is swept by the shear flow further in
the —x; direction (which also explains the fact that the direction of the net drift in
figures 10 and 11 is always along the negative x; direction). But the x; component
of the sphere velocity is still determined only by its orientation in the local pure
straining flow. Therefore, as the sphere rotation crosses ¢ = — /2 (the minimum
in the trajectory in figure 11c¢), its velocity in the x; direction switches from being
negative to positive. Eventually, it reaches the zero velocity streamline and the cycle
starts again ad infinitum.

The results here are qualitatively similar to the trajectories of an asymmetric
doublet (Nir & Acrivos 1973) and spherical cap (Dorrepaal 1978) in a simple shear
flow. In particular, analogous to the slip—stick sphere, both the asymmetric doublet
and spherical cap execute periodic trajectories only if they are oriented along the flow
when their centre of rotation is in the zero velocity plane. Otherwise, the doublet and
cap experience a net displacement in the flow direction. Note that while the slip—stick
sphere, asymmetric doublet and spherical cap may migrate along the flow direction,
these do not experience a net translation transverse to the flow. More generally,
in fact, as shown by Bretherton (1962), any body of revolution that undergoes a
periodic rotational motion in a simple shear flow will not execute a net migration
across streamlines.
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FiGURE 11. Non-periodic trajectories (solid lines) with sphere orientation (arrows) for different
¢o with ¢ =n/2 and B =0.05. The integration with time was carried out up to yt=25. The
initial position for all these simulations is the origin. The sphere starts out and remains in the
plane of shear (6 =m/2). The initial orientations ¢, for (a), (b) and (c¢) are n/8, n/4 and =n/2,
respectively.

4. Rheological properties

In this section, we consider the rheology of a dilute suspension of Janus slip—stick
spheres. In a linear flow, a slip—stick particle can translate and rotate such that there
is no net force or torque on it; however, it cannot deform with the local straining
motion of the fluid. This leads to an increase in the average, or macroscopic, stress
of a suspension of such particles. As shown by Batchelor (1970), for a homogeneous
suspension of N force- and torque-free particles, the average stress (X;) is given by

where (...) denotes an average over the entire suspension (particles plus suspending
fluid) for a given instantaneous configuration, (...), denotes an average over the
fluid phase only, n =N/V is the number density of particles in a volume V, and the
average particle stresslet (S;) is defined as a number average, (S;)=(1/N)Z)_,S;.
The contribution to the average stresslet from a single particle is

1
Sé’ =3 f[(xiajknk + xjoung) — 2po(un; 4+ u;n;)]ds; (4.2)

the integral is over the surface of the particle, S=S5; U S, as defined in figure 1. In
the above, note that while the slip—stick particle is rigid, the tangential slip velocity
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FIGURE 12. Three-dimensional periodic trajectories (solid lines) of the centre of mass (left
panel) of the sphere and its director (right panel) for different initial values of 8 with g =0.05,
a=n/4 and an initial value of 0 for ¢. The initial polar angle 6y of the director is n/8 for (a)
and (b), /4 for (c¢) and (d) and 3n/8 for (e) and (f'). In the right panel, the dot represents the
initial orientation of the sphere. The arrows indicate the direction of motion and rotation in
the left and right panels, respectively.

on the slipping portion S,; does not vanish; hence, there is a contribution to the
off-diagonal components of the particle stress from the velocity terms in the integral.

For a sufficiently dilute suspension, interactions between slip—stick spheres are
negligible, and particle stress (4.2) can be computed from the solution of the Stokes
equations for a single slip—stick sphere in a linear flow as described in appendix A.
Moreover, if the initial orientations of each of the N particles are the same, they will
contribute an equal amount to the average stresslet; thus (S;) = SJ.

From the linearity of the Stokes equations and because the orientation of a slip—
stick particle is specified uniquely by d;, the average stresslet can also be written in
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the general form (Ericksen 1959)

4

(Sy) = S Ef + 3

3 1oa’ Bgodjdid Ef; + g1 EY + gadiddid Ef

+gi(didi Efy + djdi EY)],  (4.3)

where the first term on the right-hand side of (4.3) is the stresslet for a no-slip
sphere in a linear flow. In the small-slip-length limit (8 < 1), the g; scalars are
dimensionless functions of the slip—stick dividing angle o only. A detailed discussion
of the computations used to determine the g; functions can be found in appendix A,
and their functional forms are presented in table 1.

In appendix D, it is shown that in the dilute (single particle) limit, the trace of the
stresslet must equal zero. Formally, from the above equation, the trace is given by

4n
(Si) =5
which implies that 3gy 4 g» +2g3 =0. Therefore, the stresslet may be re-written in the
manifestly traceless form

woa’B(3g0 + g2 + 2g3)didi ES, (4.4)

4m X 1 o
(i) = TMOaBEZO + ?Moa% Q1E; + g:(did; — §5ij)dkd1EkZ

+ g3(didi E% + djdiEf — 38;did  E)] . (4.5)

It is instructive to consider the rheological response to the simple shear flow

us=7yx;. In this case, the i3, iy and i, unit vectors represent the flow, gradient and

vorticity directions, respectively, and the first and second normal stress differences of

the suspension are defined as Ny = (X33) — (X1;) and N, = (X)) — (X»,), respectively.
A straightforward calculation shows that

Ny = pocy Bdids(d; — di)ga, (4.6)

Ny = pocy Bdyds((df — d3)g2 + g3), (4.7)

where ¢ =4mnna’/3 is the particle volume fraction. Substituting the components of the
director d; in spherical coordinates from (3.3) into the above equation, we find

1

il L = Zsin* 0 sin4¢g,, (4.8)
pocy B 4
N 1

2 — _sin’fsin 2¢((sin® 0 sin® ¢ — cos? 0)g> + g3). (4.9)
Kocy B 2

Figure 13 plots g, and g3 as a function of the slipping angle «. Of course, for
an entirely no-slip or slipping sphere (¢ =0 or o =m, respectively), g, and g3 equal
zero. In these trivial cases, the normal stress differences vanish as the particle surface
is spherically symmetric. For a half-slipping sphere (¢ =m/2), we see, again, that
g>»=g3=0, which implies both normal stress differences are zero regardless of the
orientation of the sphere. To offer a simple explanation for this somewhat surprising
result, let us consider the case where the director lies in the plane of shear, 6 =m/2.
In figure 14 we sketch the compressive and tensile (normal) stresses acting on a
half-slipping sphere for various orientations of the director in the shear plane. For
example, in figure 14(b) (¢ = /4) the compressive stress acting over the no-slip surface
in octants IIb and IVa is balanced by the tensile stress on the no-slip surface in the
extensional quadrant III of the flow. Similarly, the compressive stress acting on the
slipping surfaces in octants Ila and IVb is matched by the tensile stress in extensional
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FIGURE 13. Plot of the stress functions g, and g3 versus the slipping angle «.

quadrant I. Consequently, there is no net compressive or tensile stress on the particle
and thus the normal stress differences N; and N, equal zero. Similar arguments may
be applied to the four remaining subfigures in figure 14. The key point is that for a
half-slipping sphere, there always exist two octants each of compressive no-slip stress,
compressive slip stress, tensile no-slip stress and tensile slip stress.

We now consider the normal stress differences N; and N, for other slipping angles.
Figure 15 plots the scaled second normal stress difference, N,/ uocy 8, as a function of
the director orientation ¢ in the shear plane (6 =n/2) for a quarter-slipping and three-
quarter-slipping spheres, respectively. In both cases, N, vanishes when the director is
parallel to the velocity or velocity-gradient axes. For a quarter-slipping sphere, as ¢
increases from zero, N, becomes increasingly negative, until ¢ ~ w/4 at which point it
reaches a minimum value. Beyond this N, increases (passing through zero at ¢ =m/2)
until a positive maximum is reached at ¢ ~ 3m/4, after which N, decreases and
becomes zero at ¢ =m. Again, one may offer a simple explanation for this behaviour.
In figure 16, we sketch the normal stresses acting on a quarter-slipping sphere for six
orientations: ¢ =0, n/4, /2, m, 3n/2 and w. In each subfigure, there are six octants
of no-slip stress and two octants of slip stress (lesser in magnitude). Following the
arguments used for a half-slipping sphere, if the director is parallel to the velocity or
velocity-gradient axis — figures 16(a), 16(c) and 16(e) — the compressive and tensile
stresses balance such that there is zero net normal stress, and therefore no normal
stress differences. However, if the director is aligned with the extensional axis of the
flow ¢ =m/4 (figure 16b) there is a net compressive stress acting on the sphere along
the compressional axis of the flow. Since normal stresses are negative in compression
by convention, this implies that (Xs3)=(X};) < 0 and thus N;=(X3;) — (¥;)=0
and N, = (X)) — (X») < 0. Similarly, for ¢ =3n/4 (figure 16d), a net tensile stress
acts along the extensional axis of the flow, giving (X3;)=(X;) > 0, and thus
Ny =(Z3) — (Z1)=0and N, =(Z) — (¥n) > 0.

For a three-quarter-slipping sphere N, is of opposite sign for a given value of ¢ as
compared to that for a quarter-slipping sphere. This may be explained by reference to
figure 17 in which are sketched the stresses acting on a three-quarter-slipping sphere
for ¢ =m/4 (and also a quarter-slipping sphere for comparison). For a =3mn/4 there
are six octants of slip stress and two octants of no-slip stress. Summing the stresses in
the eight octants, we see that there is a net tension on the sphere along the extensional
axis of the flow, implying that Ny =(X3) — (X1) =0 and N,=(X;) — (¥») > 0.
Thus, for ¢ =mn/4, N, is of opposite sign for three-quarter and one-quarter-slipping
spheres.
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FIGURE 14. Why the normal stress differences Ny and N, are zero for a half-slipping (¢ =n/2)
sphere. For each subfigure, the arrows represent qualitatively the normal stresses acting on the
particle in the eight octants of the flow. An arrow pointing towards the particle indicates a
compressive stress; conversely, an outward pointing arrow represents a tensile stress. Arrows
with a filled arrowhead (acting on the no-slip portions of the sphere) signify a greater in
magnitude stress than arrows with a hollow arrowhead (which act over the slipping portions).
For each subfigure we see that there are always two octants of compressive stress acting on
the no-slip portion of the sphere; however, these are balanced by the tensile stress exerted
over two no-slip octants. A similar balance is realized over the slipping portions of the sphere.
Thus, in each configuration there is no net normal stress on the particle and consequently the
normal stress differences must vanish.

In the above discussion, we concluded that for a quarter or three-quarter-slipping
sphere, the first normal stress difference N; is zero when the director is along the
velocity or velocity-gradient axis. Furthermore, N; is zero if the director is aligned
with the compressional or extensional axis of the shear flow, since, in these cases, the
net compression or tension on the particle acts equally in the velocity and velocity-
gradient directions. For intermediate values of ¢, however, there is an imbalance in
the normal stresses acting in the x; and x; directions that will lead to a non-zero
Ni. This is clearly seen in figure 18 in which the scaled first normal stress difference,
Ni/uocy B, is plotted as a function of ¢ for « =n/4 and o =3n/4. By analogy with
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FIGURE 15. Plot of scaled second normal stress difference N»>/uocy B in simple shear flow.
The solid line is for a quarter-slipping sphere (¢ =m/4); and the broken line is for a
three-quarter-slipping sphere (o = 3n/4).

FiGURE 16. Normal stress differences for a quarter-slipping sphere. The legend is the same as
in figure 14. When the director is aligned with the velocity or velocity-gradient axes — (a), (c)
and (e) — N1 and N, are both zero. However, if the director is aligned with the compressional
or extensional axis of the flow — (b) and (d) — N is non-zero whereas N; remains zero.
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FIGURE 17. Normal stress differences for a quarter-slipping and three-quarter-slipping
slip—stick sphere for the equatorial angle ¢ =n/4. The legend is the same as in figure 14.
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FIGURE 18. Plot of scaled first normal stress difference Nj/uocyB in simple shear flow.
The solid line is for a quarter-slipping sphere (¢ =m/4); and the broken line is for a
three-quarter-slipping sphere (o = 3r/4).
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FIGURE 19. Plot of the slipping contribution to the relative viscosity,
A, =(u, — (14 5¢/2))/cB, as a function of ¢ for various values of «.
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N,, it is observed that N; for a quarter and three-quarter-slipping spheres has opposite
signs as a function of ¢.

Lastly, the dimensionless relative shear viscosity w, of the suspension is defined as
w, =(XL)/moy. Using (4.1) and (4.5) p, is given in terms of the g; functions as

5 1 1
uy =1+ ¢ +cB <281 + (did3)’g> + E(d% + d32)> (4.10)
1 1
=1+ %c +cf <2g1 + sin® 6 cos® ¢ sin” ¢ g, + 3 sin’ 9g3> . (4.11)

In the above expression, the 1 + (5/2)c contribution is, of course, nothing but the
relative viscosity for a dilute suspension of no-slip spheres — a result first derived by
Einstein (1906). The remaining term, proportional to ¢f, represents the effect of slip on
the relative viscosity. As the slipping angle increases, the shear stress on the sphere’s
surface decreases; hence, one expects that u, decreases with increasing «. Indeed,
this behaviour is observed in figure 19 in which we plot the slip contribution to the
relative viscosity, Au, = (u, —(1+5¢/2))/cB, as a function of the director orientation
¢ (with 6 =m/2) for various a. The slipping contribution decreases monotonically
from Au, =0 at o =0. For an entirely slipping sphere, we find Au, =15/2, which is in
agreement with Happel & Brenner (1965). Interestingly, for a half-slipping sphere, the
relative viscosity does not vary with director orientation — the slipping contribution
attains a constant value of Au, = — 15/4.

In the above discussion, we note that the orientational dynamics of the director d; is
determined solely by the imposed flow. For a simple shear flow the director executes a
Jeffrey orbit; consequently, the rheology will be periodic in time. A complete analysis
of the rheological properties of a dilute suspension of slip—stick spheres would require,
however, the inclusion of effects that damp out the cyclical motion of the director
and lead to a statistically steady orientational distribution. For submicron colloidal
particles, the most likely damping effect is due to rotational Brownian motion. In this
case, the motion of the director is no longer deterministic; instead, the probability
distribution function for finding the director in a particular orientation satisfies an
orientational advection—diffusion equation (see, e.g. Hinch & Leal 1972; Kim &
Karrila 2005). This equation reflects a balance between the imposed flow acting to
orient the particle and the randomizing influence of Brownian rotation. The ratio of
these effects is given by a rotary Péclet number, Pe =y /Dy (here Dy is the rotational
diffusivity). Moreover, the various contributions to the particle stress in (4.5) must
now be weighted by the probability of finding the director in a particular orientation.
The rheology of a Brownian suspension of slip—stick spheres will thus share many
similarities with that of a suspension of spheroids (Hinch & Leal 1972); however, a
detailed analysis is beyond the scope of this work.

5. Conclusions

Almost 20 years ago, Casagrande et al. (1989) fabricated the first amphiphilic
micron-sized spheres and coined the term ‘Janus bead’ to describe their dual-
faced nature. Two years later, on the occasion of his Nobel lecture, De Gennes
(1992) referred to these spheres as ‘Janus grains’ and commented on their potential
application as surfactants with precisely tailored characteristics. These founding works
have triggered much interest in fabricating micro- and nanoscale Janus particles with
anisotropic chemical, electrical and magnetic properties (Perro et al. 2005; Walther
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& Muller 2008). More recently, efforts have been focused toward understanding the
dynamics of Janus particles with a view to application in microfluidic devices (Howse
et al. 2007; Gangwal et al. 2008). In this paper, we have investigated the dynamics
of a hydrodynamically Janus sphere in a linear flow at zero Reynolds number. The
motion of this ‘slip—stick’ sphere in a linear flow is dramatically different from a surface
isotropic sphere. For example, in a simple shear flow the particle executes either a
periodic translational orbit or undergoes a net displacement in the flow direction,
depending on its initial orientation. Moreover, the director of the particle describes
a Jeffrey orbit in orientation space. In a pure straining flow, on the other hand, the
slip—stick sphere acquires a preferred orientation along either the compressional or
extensional axis of the flow, depending on the ratio of slip to no-slip surface areas.
Furthermore, the rheology of a dilute suspension of slip—stick spheres is, in general,
non-Newtonian with non-zero first and second normal stress differences. For a truly
Janus, or half-half (¢ =1/2), slip—stick sphere the rotational dynamics are quite trivial
— the particle merely rotates with the angular velocity of the ambient field. Also, the
rheology is Newtonian with a reduced Einstein viscosity correction. However, note
that a half-half slip—stick sphere does move in a simple shear flow.

As mentioned in § 1, we expect hydrodynamically Janus particles to exist in various
physical settings. In particular, amphiphilic Janus particles may behave as slip—stick
particles with slip lengths potentially of the order of the particle size (Boehnke
et al. 1999). This should enable the experimental verification of the dynamical and
rheological characteristics predicted in this paper. However, we also anticipate
that such studies may be hindered by aggregation of the Janus spheres and their
accumulation at interfaces. At the very least, nonetheless, we hope that the present
work will aid in the understanding of the low-Reynolds-number hydrodynamics of
amphiphilic Janus particles.

The authors wish to thank Dr L. G. Leal, Dr D. T. Leighton and Dr T. M. Squires
for helpful discussions.

Appendix A

In this appendix, we derive analytical expressions for the scalars in linearity
equations (2.5), (2.6) and (4.3), in the limit 8 =//a <1 via a regular perturbation
expansion.

We pose a perturbation expansion of the velocity and pressure fields in the small
parameter

w=u® + gu) 4 g2u® -,

(A1)
p=p9 4 8p0) 4 B2p 4 .-

In the analysis that follows we assume that the director d of the sphere is oriented
along the positive x; axis (i.e. d; = §;3), while the ambient velocity field @ X x + E* - x
is arbitrary. Note that this assumption is made only in this appendix, since it renders
convenient the computation of the scalars contained in the linearity expressions
developed in §2.

Let us first solve the zeroth-order problem (8 =0) when the entire surface of the

sphere obeys the no-slip condition. The governing equations are Stokes equations
(2.1).

uoVu® —vp® =0, and V-u® =0. (A2)
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The boundary conditions in (2.2)—(2.4) assume a simple form in the absence of the
slipping portion of the sphere.

u” 5> 0* xx+E*-x as r — oo, (A3a)

U =U+4+wxx at r=a, (A 3b)

where r = /x - x. The velocity field at the zeroth order is, by linearity, the sum of the
separate contributions of the velocity fields resulting from a no-slip sphere translating
with a velocity U and rotating with an angular velocity @ in an ambient linear flow
®” x x + E® - x. These individual velocity fields are available in many standard
textbooks on fluid mechanics (e.g. Leal 2007), and are combined as follows:

1 a a 3/a a’ a’ a’
0) — . _ .
u —4<3r+r3>U+4<r3—r5)(U x)x+r3wxx+<1 r5>E X

3 5 3
_3 (a a )(E:xx)x—l— <1—:f3) %wwxx- (A4)

2\r5 7
The force, torque and stresslet are, to leading order,

FO = —6nuoal,
TO = —8nupa’ (0w — 0™),

20
§O = TWOMEC”. (A5)

Let us now examine the first effects of slip on the force, torque and stresslet. The
governing equations and boundary conditions at O(8) are

woVu’ —vp =0, and V-u) =0. (A 6)
The far-field boundary condition is quite straightforward
u -0, as r— oo (A7)
The velocity field on the slip—stick sphere surface may be written as
uV =241 —H@O — )] (I —nn)- EQ - n. (AB)

where
EY = %[Vu(o) + (Va®)]. (A9)

Here H is the Heaviside step function and is used to demarcate the slip (¢ < «) and
no-slip (0 > «) portions of the sphere.

To solve for the O(B) flow we invoke Lamb’s general solution for Stokes equations
(e.g. Kim & Karrila 2005). Since the disturbance velocity field u') is exterior to the
sphere and vanishes at infinity, we employ only the decaying spherical harmonics for
the velocity and pressure fields

p(l) = nynfls (A 10)
n=1
© 2
m _ (=2 P (n+1)p_pix
. { 2un@n—1) 7 " on@n—1)

+ Z [VO_,_ +Vx (xx_n_1)]. (All)

n=1
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where

P, =y Z P (c0s6) (An cosme + A, sin mo) ,

m=0

&, =r " Z "(cos ) By, cosme + B, sinmg) (A12)

Yoy =70 Z P (cos0) (Cpy cosme + C,, sinmg) .
m=0
To implement the boundary conditions, we match the radial velocity, the surface
divergence and the surface curl on the sphere surface r = a
uth = i (nt+1a? i (n+1)
2o (2n — 1) a

n=1

1 9 1 oul)
—2uV — —— (uel) s1n9) -

&, =0, (A 13a)

r sin@ 960 sinf 0d¢
1 | — H(6 —a)] DE})
__ 19 (1= H(E — )] EY) sino)| U= HE—a)] 9%
sinf 96 sin @ ¢
o 1 o 1 2
_y ot DaZon kD), (A 13b)
— 2o (2n — 1) a
1 9 L, 1 dul
-9 6) — —
smg 06 e SIN0) = So s
19 o [L—H©—a)] IEy)
I _ E(O) N or
g0 L~ HO —o)]Ey sin6)] sin0 ¢
=Zn(n+1))(7nfl- (A13C)

Il
—

n

The surface curl and divergence involve differentiation of the Heaviside step function
with respect to the polar angle 6, which results in a Dirac-Delta function at 6 =«.
It should be noted that this is a non-trivial aspect of using a discontinuous surface
velocity field in Lamb’s solution.

The force, torque and stresslet on the sphere at this order may be computed from
the following simple formulae (Kim & Karrila 2005):

F" = —4nv (r*p_,),

TW — —8muoV (r X_z) ) (A14)
2

s — _?“vv (r’p-s).

It can be shown in a relatively straightforward manner that the evaluation of
the force, torque and stresslet involves calculation of the following constants only:
Ap1, Aqy, Ayg, Cot, Cri, Cri, Aga, Ara, A, Asp and Ay, These constants are computed
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by invoking the orthogonality property of spherical harmonics

2n m
/ / P (cos0)cos (mi¢) P,*(cos8) cos (mag)sin € do de
o Jo

2n T
= / / P (cos0)sin (m¢) P,">(cos ) sin (my¢) sin & d6 dg
o Jo

2n(ny + my)!
= 8m1m 8n|n79 A15
(2n1 + 1)l(ny — my)1 OmimeOmne (Al5a)

2n T
/ / Pl (cos @) cos (m¢) P,?(cosB)sin (myp)sinfd do dp = 0. (A 15b)
o Jo

Application of the above orthogonality relationships on the boundary conditions
yields simultaneous algebraic equations involving the constants, which may be solved
to yield the individual constants themselves.

Since the slip—stick sphere is force and torque free, we can write

F9 +gF" =0,
TO ,BT“) =0. (A 16)

From linearity, we expect that the six equations in (A16) will be simultaneous in the
six components (three each) of the sphere’s translational and rotational velocities,
and can therefore be solved easily to yield U and w. All the algebraic computations
in this paper have been performed using the symbolic toolbox in MATLAB.

We are now in a position to determine the scalars B, fi, f>, g1, & and gs. The
slip-stick sphere is placed in different standard linear flows, and the translational
velocity, rotational velocity and the particle stress calculated from (A 14) and (A 16)
are compared with the expected results from the linear relations [(2.5), (2.6) and (4.3)]
to yield the scalar constants in those equations. Recall that throughout this section, we
have chosen the director to be along the x; axis. Employing the linear equations in (2.5)
and (2.6), the translational and angular velocities of the sphere in this orientation are

Ui =aB (fLES + [283ES) . w; = wf + BBescE. (A17)

Consider the slip—stick sphere placed in the simple shear flow u$ =ypx;. For this
field,

o 1
E* = % (83851 +6183) and o = =780, (A 18)
From linearity relationship (2.5), the angular velocity of the sphere in this orientation is
w; =a)?°+,BBe,-3kE,f§. (A19)

Clearly, w; = w3 =0, while w, is given by
14 14
=—_ 4+ BBZ. A2
w> 5 B 5 (A 20)

Knowing the form of w, from linearity for this particular orientation of the sphere
and the imposed flow, one can compare it to the result from the solution of (A 16)
to evaluate B as

1
B = —1—2 sin® & cos a. (A21)
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In the same (simple shear) flow field, the translational velocity U; of the sphere is
U; = ap% fis. (A22)

Again, U; can be calculated from the perturbation expansion, and this yields f; as

fi= —g sin®a (1 +cos’a) . (A 23)
To obtain f,, we place the sphere in the planar extensional flow described by

E* = y (8i18j1 — 5i35j3) and C()loo = 0. (A 24)

The translational velocity of the sphere in this field is given by

Ui = —aBy (fi + f2) 8i3. (A25)

Now, separately, from the solution of (A 16), U; is obtained as

1
U; = Tgaﬁy sin* a. (A 26)

Therefore, f> as determined from (A 23), (A 25) and (A 26) is

5 . .
fh= I sin® a(—5sin® a + 4). (A27)

Consider now the expression for the particle stresslet in (4.3)

20m L o 4m “ i\ oo
?MocﬁEij + ?uocfﬁ [glEij + (5i33j3 - 3j> Es;
28ij o)
+ 83 (SnE+ 0 E]T — 3 ) B (A28)

(i) =

In the simple shear flow defined in (A 18), the component {S;3) of the traceless stresslet
is given by

10 4

2
(S13) = =3¢ woy + 3¢ Swoy B (g1 + 83)- (A29)

This component can be evaluated from the perturbation expansion scheme, resulting
in

15
g +g3= —§(1 —cosa) (4cos*a +4cos’a —cos’a —cosa +4).  (A30)

When subjected to the planar extensional flow defined in (A 24), two more equations
containing g, g» and g; may be obtained

207 4r
(Si1) = (Sn) = Taxlio)/ + 3¢ oy Bgi,

= —Enﬁamm’/(l —cosa)*(cos’ o +2cos’a + 3cosa +4) (A3l)

4n 25 .
(Sn) = 3613/%)75(82 +2g3) = —Zﬂﬂffﬂo? cosa sin* a. (A32)
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Solving the three simultaneous equations (A 30)—(A32) for g;i,g, and g3, we

find

Appendix B

1
g1 = —g(l —cosa)? (cos3a+2cos2a+3cosa+4), (A33)
75
g = g cos sin®a (7cos’a — 3), (A 34)
g = —g cos’ o sin’ a. (A 35)

In this appendix, we present the grand resistance matrix for the slip—stick sphere.
As described in Kim & Karrila (2005), for a rigid particle placed in a linear ambient
field under creeping flow conditions, there exists a linear relationship between the
force moments and the flow parameters

F A B G U»>—U
T |=w|B C H 0°—w |. (B1)
S G H M E”

The square matrix in the above equation is termed as the grand resistance matrix.
For an axisymmetric body with a director d, the submatrices involved in the grand
resistance matrix are

where

dl(jokl %

)y =L (di8judy + d;udy + didjud) + d;8ixd) — 4did;did;) |
1
2

il =1 (8uj + 8 — 858w + did; 810 + Sydid) — d;8dy

Ay = X did; + YA(8; — did)) (B2)

B; = Bji = Y%¢;1d; (B3)

Cyj =X did; + Y°(8; — did;) (B4)

Gijk = Guij = XO(did; — 18;)dy + YO(d;8 1 + d; 8y — 2d;d ;i) (B5)

Hyje = Hy; = Y (€iud; + €;ud;)d; (B6)

My = X"d5, + Y"d}j), + z"dfy, (B7)
(didj — 58y) (didr — 38u1) .

(BS)

—d;8ydy — didjdy — d;Sixd; + did;did;) -
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Using the method outlined in appendix A, the scalar functions X, Y and Z may be
determined to leading order in 8 as

XA = 6mna [1 — g(cosa +2)(1 — cos a)z]

Y4 = 6ma {1 — g(l —cosa)(cos’a + cosa + 4)}

Y? = Inpa’sin’a
c_ 3 38 2
X¢ =8ma’ |1 — T(cosa +2)(1 —cos )

Y€ = 8na’ [1 — 3?’3(1 —cosa)(cos’a 4 cosa + 4)}

X0 =—%Bnpa’sin*a (B9)
Y9 = —BnrBa’sin’ a(1 + cos’ )
Y# = —Bnpa’sin® a cosa
20 3
XM = ?Tca3 {1 — Tﬁ@ cos’a + 6cos’a +4cosa + 2)(1 — cosa)z}
w_ 20 3 3B 4 3 2
Y¥" = e 1+ §(4cos o +4cos’a —cos”a —cosa + 4)(1 —cosa)
20 3
M — ?ncﬂ [1 — ?’B(cos3 o +2cos’a + 3cosa +4)(1 — cos a)z]

It is possible to derive all the scalars in table 1 using the above resistance matrices,
but we will not show that here. As a quick test, however, we demonstrate that the
Bretherton constant obtained from the two methods is consistent. The Bretherton
constant as defined in Kim & Karrila 2005 is equal to Y#/Y€. To leading order in
B, from the above equations, this ratio is —(15/16)8 sin” & cos &, which is identical to
BB with B as defined in table 1.

Appendix C

In this appendix, we offer a verification of the analysis used to determine the
elements of the grand resistance matrix in Appendix B and the scalar functions in
table 1, by employing the Lorentz reciprocal theorem to derive the resistance matrices
relating force to translation and rotation.

In the absence of external body forces, the reciprocal theorem states that the
velocity fields u and associated stress tensors o for two Stokes flows (labelled .7 and
) in the same domain are related via (Happel & Brenner 1965)

/uﬂ-a%-ndSz/u%-ay/-ndS. (C1)

Here, the domain is taken to be that exterior to a sphere of radius a in an
unbounded fluid, and the integrals are over the surface of the sphere, with n the
outward pointing unit normal. First, for the .o/-flow we consider a no-slip sphere
translating with velocity U ., for which the traction is simply o ., -n= — (3o/2a)U .
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Thus, the drag force F4 in the second Stokes flow problem is given by

3
Fu=220[y,ds. (C2)
2a
For the #-flow, we take a slip—stick sphere translating with velocity Ug4. On the

surface of the sphere the fluid velocity is given by the Navier slip condition,
u%=Ugg+2[l,8Egg'n, (C3)
where E 4 is the rate-of-strain tensor in the #-flow. Substituting (C 3) into (C 2) yields

Fg3 = —6muoals —3uf | Ez-ndS, (C4)
N
where the integral is over the slipping part S, of the sphere only (figure 1) . To
proceed, we note that the second term on the right-hand side of (C4) is already an
O(B) quantity. Therefore, in the integrand one requires E 4 to only zeroth order in 8,
which is simply the rate-of-strain tensor for a no-slip sphere translating with velocity
Uy (cf. A4). In this case, on the surface Ey - n= — (3/4a)(I — nn) - U 4, and after a
little algebra we find
na’

/ (I —nn)dS = T(4 —3cosa — cos’ a)I — ma’ cos o sin® add. (C5)
S

Substituting the above into (C4) yields

F,
g = —5(4—3cosa—cos3a) 1—3—ﬂcosasin2add Uy
6T oa 8 8

= Kl — g(cosa +2)(1 — cosa)2) dd
+ <1—§(4—3cosa—cos3a)>(1—dd)}°Ug,9, (C6)

which is exactly the force-translation relation contained in the grand resistance matrix
(cf. the functions X4 and Y4 in (B9)).

Now, to derive the force-rotation coupling, for the #-flow we consider a slip—stick
sphere rotating with angular velocity w4. On the surface the fluid velocity is

Uyp =wy X r+2aBEy-n. (C7)
Substituting (C 7) into (C2), we find
F%=—3/,L()ﬂ E%-ndS (C8)
N

For the reasons explained above, inside the integrand we take E4 as the rate-of-
strain tensor of a no-slip sphere rotating with angular velocity @4 (cf. A4). Thus, at
r=a, Eg-n= —(3/2)wy X n, and

/ wy X ndS = ma*(1 — cos’ a)wy X d. (C9)
S
Substituting the above into (C 8) we arrive at the force—rotation relation

9
Fy= 5Tm()azﬂ(l —cos’ @)wy X d, (C10)
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as per the resistance function Y2 in (B9).

Appendix D

In this appendix, we show explicitly that the trace of the particle stress tensor is
zero. Consider the stress vector o - n acting on the surface of the sphere (r =a) as
given by Happel & Brenner (1965)

oon= @ Z [—(n + 2)V X (x)——1) — 2(n + 2)VP_,
2n —4n+1 (n+1)n— 1)2
T uonn—1) P “pon(2n—1)

In order to calculate the trace of the force dipole, we require the expression for
x -0 - n at r =a, which may be obtained from the above equation as

Vp—n 1:| . (D 1)

xo o m="0N " [0+ 2%V X (x30m1) = 20 + 23V,
r n=1

2n —4n+1 n+Dn—-1) ,
— P+t ————rxVp_,1|. D2
0n(2n—1) o1t non(2n — 1) X VP (D2)

Now, since

x-V X (xx-p-1) =0,
xVo_,_ 1 =—(n+1)P_,4, (D3)
xVp_,1=—mn+1)p_,1,
(D 2) simplifies to

(D4)

0 2

o n+3n—4 ,
= — 2 1 Dby — — n
; nEZI [ (n+1)(n+2) 1 Mo(Zn—l)ap 1

The trace of the force dipole is, therefore,

© 2
o n*+3n—4 2/ ]
co-ndS =— 2(n+1 +2/¢_n_d5 _— _a1dS
JERE a;[(” n+2) [0, ds =Tt [
(D5)

The two integrals on the right-hand side of the above equation can readily be shown
to vanish for n = 1. Hence, the trace of the force dipole is identically zero.
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