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The interaction of a pair of spherical particles of different densities and/or sizes with
microscopic surface roughness sedimenting due to gravity in a viscous fluid is analysed
by theory and experiment. The surface topography is modelled as a combination of
small uniformly distributed bumps of uniform height and larger bumps that are more
sparsely distributed. The existence of these surface asperities allows the spheres to
physically contact each other, so that both hydrodynamic and solid-contact forces
are important. When the angle between the line of centres and vertical is small,
the spheres may rotate as a rigid body because they are not able to roll up and
over a large bump. As this angle increases, however, the heavy sphere rolls and
slips past the lighter sphere, and the separation between the nominal surfaces of the
spheres varies between the heights of the small and large asperities. When considering
many encounters, there is a distribution of nominal separations at each angle due to
the distribution of initial conditions and surface topography. The average nominal
separation generally increases with increasing angle between the line of centres and
vertical because the normal component of gravity, which drives the spheres close
together after an encounter with a large bump lifts them apart, decreases as this angle
increases.

1. Introduction

The behaviour of non-colloidal particles suspended in a viscous fluid at low
Reynolds numbers is of great interest to many branches of technology. While
lubrication forces prevent contact of perfectly smooth particles in a continuum fluid
under the action of a finite force (Reynolds 1886), real particles in a viscous fluid can
make direct solid—solid contacts due to their microscopic surface roughness.

The existence of contact forces has caused many experiments to exhibit results
which differ from theoretical predictions for smooth spheres. In the case of shear
flow, it was found that the particles may rotate as a pair when in contact, and then
separate (Arp & Mason 1977). Furthermore, Parsi & Gadala-Maria (1987) found that
the pair-distribution function for sheared suspensions is higher on the approaching
side of a reference sphere than on the receding side, and Rampall, Smart & Leighton
(1997) presented further evidence that contact forces break the fore-and-aft symmetry
predicted for sheared suspensions of smooth spheres. In sedimentation, Zeng, Kerns &
Davis (1996) and Zhao & Davis (2002) also showed that the relative trajectory of
two unequal spheres loses the fore-and-aft symmetry predicted for smooth spheres,
when contact occurs due to microscopic surface roughness.
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To describe the interaction of contacting particle pairs in a dilute suspension,
Davis (1992) proposed two models: the stick/rotate model, where the spheres lock
together and rotate like a rigid body, as observed by Arp & Mason (1977) in a
shear flow, and the roll/slip model, where one sphere rolls with or without slipping
around the surface of the other, as observed by Zeng et al. (1996) and Zhao & Davis
(2002) for sedimenting particles. In both models, the contact forces are assumed to
be compressive but not tensile, so that relative motion along the line of centres is
prevented by contact when the spheres are pushed together but not when they are
pulled apart.

The presence of hydrodynamic surface roughness and the irreversible nature of the
contact forces affect the rheological properties of suspensions. For example, Davis
(1992) and da Cunha & Hinch (1996) examined the effects of pairwise contact
interactions on hydrodynamic diffusion in dilute suspensions. Wilson & Davis (2000,
2002) calculated the effective viscosity and normal stress differences in dilute and
concentrated suspensions of rough spheres during simple shear flow by using the
roll/slip model to describe the pairwise interactions of particles in contact.

In related work, a rough sphere moving down an inclined plane was examined by
Smart, Beimfohr & Leighton (1993) and Prokunin (1998), who considered a single
scale of surface roughness. Galvin, Zhao & Davis (2001) and Zhao, Galvin & Davis
(2002) subsequently explored multiple roughness scales by considering the sphere
or plane to be covered by bumps of two different sizes. A key finding is that the
average separation between the nominal surface of the sphere and plane increases
with increasing inclination of the plane from horizontal, with the smaller bumps being
most important at small angles and the larger bumps most important at large angles,
as suggested previously by King & Leighton (1997).

In this paper, we consider gravitational interaction of two unequal spheres with
multiple scales of microscopic bumps on the surface of one of the spheres. There
is a low coverage of large bumps which are well separated by a higher coverage of
small bumps. We are particularly interested in the average separation between the
nominal surfaces of the two spheres as they move around each other, because this
separation is expected to influence the rheological properties of suspensions. In §2,
a physical model is provided to describe the behaviour of two spheres experiencing
both hydrodynamic and solid-solid interactions. In §3, the experimental materials
and method are described. In the next section, a discussion of the model results is
presented, and then these results are compared with those from the experiments in
§5. Concluding remarks are given in §6.

2. Theoretical development

Consider the motion of two unequal solid spheres of radii a; and a, and densities
p1 and p, falling due to gravity at low Reynolds number through a viscous fluid of
viscosity u and large extent. The spheres are large enough that Brownian motion and
colloidal forces are negligible, but they are small enough that inertia is not important.
Sphere 1 has a higher terminal velocity (due to its greater density and/or size) and
falls past sphere 2. If the initial horizontal offset is sufficiently small, then the surfaces
of the spheres may make physical contact due to microscopic surface roughness. As
shown in figure 1, the microscopic roughness is assumed to reside on the heavy sphere
and to be characterized by a combination of large bumps of height §; < min(ay, a,)
and small bumps with height 5 < §;. The large bumps are assumed to be very sparse,
so that they are encountered individually; they may have a distribution of heights, but
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FiGURE 1. Coordinate system and sketch of (a) two interacting spheres and () close-up of
contact interaction.
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for simplicity we primarily consider large bumps of a single height. The separation
between the nominal surfaces of the two spheres varies as they roll up and over
the contact point on a large bump. In contrast, the small bumps have a somewhat
higher surface coverage and keep the nominal surfaces at nearly constant separation
8s when in contact on the small bumps. Depending on the initial orientation of the
heavy sphere, contact may first occur on a large bump or on the small bumps.

Let 6 be the angle between the line of centres and the gravity vector, with 6 =6,
when contact first occurs at t =f,. Further, let 8; be the angle between the line of
centres and the line joining the centre of the heavy sphere with the closest large bump
at the time of contact, with 8; = 8y when contact first occurs. The rate of change of
the angle B;(¢) plays a key role in the progression of the two-sphere interaction after
contact occurs. Its variation is given by

d
% = — o, (2.1)

where w; is the (clockwise) rotational rate of the heavy sphere and w=d6/dr is the
rotational rate of the line centres. For equal-size spheres, w is usually larger than w;
(several special cases are discussed later), which leads to dB;/dr <0, indicating that
the second large bump to be encountered is located clockwise from the first large
bump.

The translational (z; and u,) and rotational (w; and w,) velocities of two spherical
particles in response to the applied forces (F; and F,) and torques (L; and L;) may
be written as linear superpositions for viscous interactions at low Reynolds number
(Jeffrey & Onishi 1984):

u = F, .[xaee —I—ya(l—ee)]—l—#.[xaee +y”(l—ee)]
1 67'C[L611 11¢r€r 1 rer 37[,!1,(01 +612) 12€r€r 12 r€r
_ynlL ><2e, YLy Xe, )
npai nu(ar + az)?
Uy=——-|x%ee +y5(l—e,e)| + x%ee +vo(I—ee,
2 37'C/L(a1 +a2) [ 21 y21( )] 67[,(,(,612 [ 22 y22( ):|
Jobhixe  gplaxe s
mu(ar + a)? dnpay
b b
ymiFi xe yhF2 Xe, L . .
- : e e, I—e.e,
1 dnpai mu(ar + @) 8muai [xirerer + i )]
L,
— = |xpe e, + y,(I —ee)|, (24
mu(ar + a)? [xT> yial )], (24)
YuFi xe.  yLF)Xe, L,

- - |x5.e.e, + y5,(I —e e,
wu(a; + ax)? dntpas nu(a + ar)? [ 21 Yo )}

&t—;liz% ‘[x5e.e, + y5,(1 —ee,)],  (2.5)
where e, =r/r is the unit vector along the line of centres, r is centre-to-centre vector
of magnitude r, I is the unit second-order tensor, and the x- and y-coefficients are
dimensionless two-sphere mobility functions which depend only on the size ratio
A=as/a; and the dimensionless centre-to-centre separation s =2r/(a; + a,). The two-
sphere mobility functions are expected to be valid, despite the presence of microscopic
surface roughness, provided that the nominal surface-to-surface separation is large
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compared to the roughness heights or the fractional coverage by bumps is small
compared to unity (Smart & Leighton 1989). The applied forces and torques, and the
resulting motion, depend on whether the spheres are touching on the large or small
bumps, or not at all, as considered in the following subsections.

2.1. Motion without contact

When the two spheres are not in physical contact, which may occur prior to first
contact or after contact with a large bump ends, the only applied forces are the net
gravitational forces:

&~

F$ = inai(p) — p)g = 6npau’, (2.6)

3
F§ = 4na3(py — p)g = 6mparul, (2.7)

~

where p is the fluid density, g is the gravitational acceleration, and u? and u$ are

the Stokes settling velocities of the individual spheres when isolated. There are no
applied torques in this case. Then, inserting (2.6) and (2.7) in (2.2)—(2.5) yields

23y 223y
— ;0 Ja a a . 0 .; 0 a a 2.8
uy = ujcosd | xf; +x12—1+y e, + uj sin y“+y12—1+/1 ey, (2.8)
2 a a : 2 a 1 a
u, = u(l) cosf <m)€21 + )uzj/Xn) e, + M(l) sin @ (1—Hy21 + /Lz)/y22> €y, (29)

usin@ 613y
W = a <2y11 +y12(1 +},)2 (210)

0.
ujsin6 6 b 34 b
Wy = ar <(1 +i)QY21 + 34V | €4, (2.11)
where e, is the unit vector in the direction of increasing 6, e, =€y X e,, and y =
(02— p)/ (o1 = p)-

It is common to examine the relative translational velocity of two sedimenting
spheres (Batchelor & Wen 1982):

dr N B

5 = w = (- ) (Lee, + M(I—eve,), (2.12)
where the two-sphere relative mobility functions along and normal to the line of
centres, respectively, are

o 2AL=Ry)
L= <x NI X1 szz (1= 2y), (2.13)
. 20=23y) u
M = ()’11 T 1+ Yih = 22y y5, (1=2%y), (2.14)
using the identities x5; = x{, and y5, = y{,. The rotational velocity of the line of centres
is
0 2
uisind (2(1 —Ay)M
= = 2.15
w (I)e¢ a ( (1 T+ ;L)S eq)a ( )

as follows from (2.12) and the kinematic relation ro = (u; —u,) - ey.
We restrict our attention to surface roughness elements which are sufficiently small
and well spaced that they do not significantly modify the mobility functions of smooth
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spheres, except when contact occurs (Smart & Leighton 1989). Then, the relative
hydrodynamic mobility functions for non-touching spheres in near contact have the
limiting forms (Jeffrey & Onishi 1984)

L=L&+0(E*Ing™", (2.16)
_ My(In&")? + MyIné™' + M,

M= e e e 1 217)

where the constants L, My, M1, e; and e, depend only on A and y, and & =2§/
(a1 +ay) =s —2 is the dimensionless separation between the nominal sphere surfaces.
When the spheres are close but not touching, then the normal component of their
relative motion toward one another is resisted by a lubrication force of magnitude
(Reynolds 1886)
—6npa’(u, —uy) e, —6mua’ds
F; = 5 = 5 dr’ (2.18)
where a =ajay/(a; + a») is the reduced radius. As written, this force is positive when
the nominal separation § is decreasing, and it acts in the positive e,-direction on
sphere 2 and in the opposing direction on sphere 1. It is part of the hydrodynamic
forces on the two spheres and balances the rest of the hydrodynamic forces (i.e. the
drag forces on the falling particle pair away from the near-contact region) and the
applied gravitational forces. Combining (2.12), (2.16) and (2.18) gives

_ 12mpauii(1 — 2*y)L; cos

F
L (1+ 4

(2.19)

2.2. Contact with a large bump

When a bump on the heavy sphere makes contact with the relatively smooth surface
of the light sphere, then an equal and opposite contact force is exerted between the two
spheres. The contact force includes a compressive component (F,) that acts normal to
the contact surface and a frictional component (F;) that acts tangent to the contact
surface. These forces on the heavy sphere are shown schematically in figure 1(b)
for contact involving a single large bump; note that the direction of F, is that of the
outward normal to the surface of the smooth sphere and at angle 8, to the line of
centres, where geometrical constraints require that

arsin By = (ay +6,)sinfBy or B, = Bi/A (2.20)

For simplicity we consider only large bumps that are located on or near the equator
of the heavy sphere, so that the motion of the sphere centres remains in a single
vertical plane. Then, the applied forces consisting of gravitational and contact forces
on the two spheres are

Fy=(Ffcosf — F, cos B, + F, sin B> )e, + (F{ sin@ — F, sin B — F, cos Br) ey,  (2.21)
Fy=(F§ cos0 + F, cos B, — F, sin B>)e, + (F5 sin@ + F, sin B> + F, cos Bo)es.  (2.22)

The contact forces also result in applied torques about the sphere centres:

L, = (a; + 8.)(F, sin(B; + B2) + F, cos(Bi + B2))eg, (2.23)
L2 = athe¢. (224)
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Using (2.20)—+(2.24) in (2.2)~(2.5) and employing the approximations §; < aj,
cos By~ 1, cos(B1 + B2) = 1, sin B, = B, and sin(B; + B2) = (1 + 1), yields

. . 223y , . L 223y
u; ~ ucoso (x“ +x121+2) e, +ulsing <y11 +Y1zw> €

C R (2 6 Y,
onpa; \ N T TR TN T e ) e

ﬁan a 2 a

Grpars \ T TR A AN e (2.25)

2 ) . 2
u, ~ u cos6 (1—Hx§‘1 + Azyx§’2> e, +ulsing (m@l 4 ﬂvzyyg) e

TR/ (SRS L N LR P
6npa, 1_i_}v)le inz (14_2)2Y12 22)’22 0

ﬂlEl 2 a 1 p 6
6mpa A 1+Ay2‘+)vy22+( +;)y12 €o (2.26)
usin@ 6.3y
W~ 1a1 <%y1b1 + Yf2m> ey

Ft 3.,b 6 b 3..¢ 62, ¢
+ 6rpa’ —3yn+ a +A~)2Y12 + o0+ m)’n ey
6
) <_%y1b1 + m)’lbz + %(1 + i))’ﬂ) €y, (2.27)

u%sin @ 6
! < b+ %/h%’z) e

W) ~ a (1 +;L)2y21

LFR (6, 3,63,
mpal \ (L+ 222 T 2272 T (T n T gt )%
BiF, ( 6 b 3

6
- B I S, 2.28
bnpali \ (L2 Tap2 (g +;v)2y21> % (228)

In deriving (2.25) and (2.26), the identity x{; =2x{,/(1 + 1) =2x%,/(1 + 1) =x%,/A for
two touching spheres (Jeffrey & Onishi 1984), correct to O(§), was invoked. The rate
of rotation of the line centres is determined from the relative velocity normal to the
line of centres:

(g —uy)- ey ufsin@ 2 )3 12
— ~ a = 1_/L a a
, a(1+7) Yu — a +/1)( YV — A Yy,
+L_“+La+§b+6iib_la_ib_ib
mpa(1+7) Y (1+/1)y12 211 (1+)»)2y21 AJzz (l—i—i)zylz 2/1)’22

B1F, 4 L2 , 1 6
L\ (14 Ay — =8 2.29
+6Tc/m122(1+/1)< it gy Tl =k - (1+;L)y12 (2.29)

The components of the contact force in (2.25)—(2.29) may be found by first noting
from geometric considerations that

A — A
cos By = w and cosp, = % , or By =[ME — é)]l/z, (2.30)
a + 6, a
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by expanding the terms and using 8, = 81/, B1 < 1, 8/a; € 1, AJay < 1 and 8, /a; < 1,
where & =261 /(a1 +a»), as long as the two spheres remain in contact via the large
bump. Here, A is the small distance from the edge of sphere 2 to the line passing
through the contact point and normal to the line of centres When dg;/df <0 and
B1 > 0, the separation § increases with decreasing B; as the interaction proceeds and
the heavy sphere ‘pole vaults’ upward from the surface of the light sphere using the
large bump as the pole. When 8; =0, the maximum separation of § =§; between the
nominal surfaces is reached, and then § decreases with decreasing 8; <0 as the heavy
sphere descends back toward the light sphere due to gravity. The component of this
relative motion along the line of centres gives rise to a lubrication force that, when
combined with the component of the contact force acting along the line of centres,
plays the same role as the force for non-touching spheres and balances the remainder
of the drag force and the net gravitational force on each of the two spheres. Hence,
using (2.18) and (2.19),

—6nua’ ds . 12npaul2*(1 — 22y)L; cosh
SM E-I—Fncosﬂz—F,sm,B2= Rty (1(_'_/1)3)/) ! . (2.31)
From (2.30) and (2.1),
ds .od . d
g = @t SL)Sln,BI% —a Smﬁz% ~ —api(l + 1/) (o1 — ),
and so (2.31) becomes
12 92(1 — 22y)L 3) —
F, — BiF, /) = TpauyA( y)Licost  6muaiifi(w; — o) (2.32)

(1+42) (1+2)8

Equation (2.32) provides one relationship involving the unknown components of
the contact force, F, and F,. When the friction force is sufficiently large to prevent
slipping, then a second relationship follows from the requirement that the surface
velocities of the two spheres must be equal at the point of contact:

uy + (a; + 81)w; X (cos Bre, —sin frey) = uy — arw, X (Cos fre, + sin Brey).  (2.33)
Taking the dot product of this constraint with e, and employing (2.18) and the limit

o K min(m y 612) ylelds
(a1 + a)w = aywi + ayw,. (2.34)

Substituting (2.27)—(2.29) into (2.32) and (2.34), and eliminating small terms of
O(B?)= O(&; — &), allows determination of the individual components of the contact
force:

F (14 2Py + 2831 4+ A)(oras + asa6) /) sin6 — 2B1asA(1 — i2y) Ly cos 6
Ompaul (1+ 2Por + (14 23 Bfas /22 + 267 (1 + A) (s + asy) /&

’

(2.35)

F,
6mpaul

22,072 _ B %\ ar  (1+2)° F
2((1 A7y)A*Lycos€ — Bi(1 4+ A) : > sinf + B <2(1 +i)S + ] ) (6n,ua1u?)

(1+ )7 + 2821 + A)ag/E
(2.36)
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where
oy = (1+ADk; —ki — 2ks, or=ky+ dks — (1 + ks, a3 =ks—ks, (2.37a,Db,c)
as=ky —ks, as=ks+ k¢ — (14 Dko, o=k — ks, (2.37d, e, f)
a7 =ks —ky, ag=ks—ko, o9 =ki—ki, (2.37g, h, i)
and
6.3y
ki =3y + )’fzm, (2.38a)
6 6/
_ 3.,b b 3.,c c
ky = —3y11 + mhz + iyt mylz, (2.38b)
6 c
ks = _%)’?l + mﬁz + %(1 + Ayins (2.38¢)
6 b 4 35..b
ko= qppn (2.384)
. UL I (2.38¢)
6 b 3 6 -
= —— - P ¢ 2.
k6 (1 +/~L)2y21 + 2/~L2y22 + (1 +;L)y217 ( 38f)
1 a 2 13 a 2 a
=1 P (1 +z)(1 — LYWL= A Yyn| (2.389)
1 “ 4 . 4, 64, 1, 6 s 3,
kg—l_M { y11+(1+A)Y12+2y11+(1+/1)2y21 7722 (1—|—)L)2y12 ek (2.38h)
! 4 3 b 1 6 b .
= [ g 3 S N N Y
ko 1+ [ yin + a +/1)y12+ 51+ )7 )b}’22 a +/1)612 (2.38i)
All of the above functions are evaluated at the dimensionless centre-to-centre separa-
tion s =1+¢&.

Rolling without slipping is limited to small angles 6 <6;, so that the friction force
F; does not exceed its maxmum value of uF,, where u, is the coefficient of rolling
friction. Typical values for p, are in the range 0.05-0.4 (Galvin et al. 2001). From
(2.35) and (2.36), the angle at which slipping first occurs is

6, ~ tan™! (l) , (2.39)
3+ Uycq
where
c1 = 2BrasA(1 — 22y)L; ((1 + 2% +287(1 + }V)ag/s), (2.40a)

e =2(1=2y)Liy (A1 + 2 ’ar + (14 1) aspi /22 +2(1 + 1) Bl (cras + asaq) /&
— Bias(2A(1 + Daz/& +(1+12)°/2)), (2.40b)
ey = (142 + 287 (1 + Dag/§) (1 + 2P er + 2(1 + )i (enas + ase) /£),  (2.40¢)
ca=2B1A1+1)ae/E) (1 4+ A+ (1+ 2V asBi /22 +2(1+ 1) (aas +asar) /€)
— Bi (1 + 2 oy +2(1 + )BT (aras + asa) /&) (21 + Dar /& + (14 2)° /7). (2.40d)
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For 6 > 6,, slipping in addition to rolling occurs. Then, (2.34) no longer holds. Instead,
from (2.32),

F, peFy w21 =2y)APLicos® — 2B (1 4 Aagsin 6 /&)
onpan  6mpar  (1+ 21— Pies/2) — 211 + W)y — Pras/2) /&
where u, is now the coefficient of sliding friction. Finally, loss of contact with the

large bump occurs when F, given by (2.41) with slipping, or (2.34) without slipping,
is no longer positive.

(2.41)

2.3. Contact with small bumps
Geometrical constraints require that

A __ B __
S = N v N

a(1+1/2) "\ ai(1+1/2)

for the spheres to simultaneously make contact on the small bumps and two adjacent
large bumps, where @; is the angle between two successive large bumps along the
equator of sphere 1 and the heights of the two large bumps are §; and §%. If @, is
smaller than that given by (2.42), then the two spheres are not able to contact via
the small bumps. For the special case where the two large bumps are identical (83 =
88 =6,), contact with the small bumps can occur only if

(pL 2 (DL,min ~ 2 V }"(%_L - SS) (243)

When the above constraint is satisfied, and the separation between the nominal
surfaces decreases to § = &g, then the two spheres make contact via the small bumps
and the normal component of the contact force is directed along the line of centres.
This case was analysed by Davis (1992) and Zhao & Davis (2002), except that the
previous work was restricted to when the light sphere is neutrally buoyant. The
modified equations for the present case follow directly from those in the previous
subsection, but with 8y =8, =0 and & =&5=285/(a; + a,).

2.4. Simultaneous contact with the small bumps and a large bump

In the work of Galvin et al. (2001) for a sphere moving down an inclined plane, a
special case occurs when the angle of inclination of the plane from horizontal is small
enough that the sphere is not able to rotate over a large bump. A similar situation
may occur for two spheres in contact at small angle 6. Suppose two spheres in contact
with small bumps and rotating with d8;/d¢ <0 encounter a large bump. If w; > w, as
calculated from (2.27) and (2.29) with F, and F, from (2.35) and (2.36) for no slipping
or (2.41) for slipping, then (2.1) indicates that the spheres are not able to ascend the
second large bump and so do not lose contact with the small bumps. Therefore, the two
spheres will contact each other simultaneously with the small bumps and the large
bump. To remain in this condition, the two spheres must move in rigid-body
motion (w=w; =w»), or the heavy sphere must slide along the light sphere without
pivoting (w = w; # w,). The forces and torques acting on the two spheres must be
modified from (2.21-2.24) to include contact forces from both the large and small
bumps:

Fi = (Ffcos — FFcosp, + F/sinp, — F})e,
+ (Ffsin® — F) sin B, — F cos py — F’)eg, (2.44)
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Fy = (Fjcosf + F}cosp,— F'sinp, + F})e,
+ (F§sinf + Fsin B, + F/ cos B, + F)es, (2.45)

Ly = (a1 + 8)(F} sin(B; + Bo) + F/ cos(Bi + B2))ey + (a1 + 85)F ey,  (2.46)
Ly =a)(F} + F%)e,, (2.47)

where the superscripts L and S refer to contact on the large and small bumps, res-
pectively.

The translational and rotational velocities of the two spheres can be found through
(2.25)+2.29), but using FFcos B+ FS~ FF 4+ F? in place of F;, and FF in place of
F, (F5 does not affect the translational and rotational velocities, since this force
component is along the line of centres). Because § = 8 is constant, the force balance
along the line of centres from (2.31) yields

12npauli?(1 — 2*y)L cos 6
(1+2) ’

Equations (2.33)—(2.34) still hold for small angles when friction is sufficiently large to

prevent slipping. In this case, substituting (2.25)—(2.29) into the relations w = w; = w;,

and eliminating small terms of O(B})= O(&, —&), allows the determination of the
relevent components of the contact force:

Ff+F) —piFl i~ (2.48)

FHL - A (Ol40[6 — 0[90[7) sin 0

~ 2.49
6muaiu B (asar — o) (24)
P Fr + a9 Sin O
—— 04 .
FZL + FZS " A 6TC/L£11M(1) 3 ’ _ (Ot30l6 —(19018) sin 6 (2 50)

G~
6mpau; oy (03007 — atg0g)

The solid-body rotation without slipping ends when the 6 reaches the critical angle
6;, with the combined friction force F* + FJ equal to u (FF + F?). From (2.48) and
(2.50), the angle at which slipping first occurs is

222(1—2y)L s asog—aoag \ (08— ag
0,~ tan™! / Ll4= . (251
. {[ (1+2)3 ]/ (0530l7—0l4048) ghL f Tt (23D

During slipping, w = w; # w,, and the relevant components of the contact forces are

Fl+ FS 2/2(1 —J2y)Licosf  «g ) ,
6;'E;La]ut(1’ ~ [ TEE EPRCAL 9} / (as —a7p}),  (2.52)
FEL A ow(FtL + F’) —agsinf 253
6TE,lLa1u(1) - 131 oy : .

Finally, loss of contact with the small bumps occurs when F3 calculated from
(2.48) and (2.49) or (2.53) is no longer positive as 6 increases beyond a certain value.
Then, since the contact is not able to impart a tensile force, the nominal separation
increases from &5 as the heavy sphere ‘pole vaults’ away from the light sphere using
the large bump as a pivot.

2.5. Simultaneous contact with two large bumps

If the constraint given by (2.42) or (2.43) is not met, then the two spheres may make
simultaneous contact via two large bumps. This case will occur when a second large
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bump is encountered before contact is lost with the first large bump. For simultaneous
contact with two large bumps to continue, dg;/dr=0, and the spheres are not able to
ascend the second large bump. Instead, they stay together and rotate like a rigid body
(w =w; = wy) or slide along each other (v = w; # w,). Following a similar analysis as
in §2.4, the forces and torques on the two spheres are

Fi = (Ffcosf — F}cos B — F, cos B, + F/*sin B, — F’ sin B ) e,

+ (Ffsinf — F,'sin B, 4+ F, sin B — F* cos B, — F cos o) eg,  (2.54)
Fy = (F§cosf + F,' cos B, + F, cos p — F/*sin B, + F” sin B ) e,

+ (F3sin® + F'sin B — F; sin o + F; cos B + F cos B,)eqs, (2.55)

Ly = (a1 + 8)(F; sin(B1 + B) — F} sin(B1 + B2)
+ F cos(Bi + Bo) + F cos(B1 + Ba))es, (2.56)
L, =a)(F! + FP)ey, (2.57)

where the superscripts A and B refer to the two large bumps, which are located
at angles By =®,/2 and —®; /2, respectively, along the equator of sphere 1 from
the line of centres. For simplicity, we assume here that the two large bumps are of
equal height. From (2.2)—(2.5) and (2.54)—(2.57), it is seen that the resulting motion for
simultaneous contact via two large bumps is the same as that for simultaneous contact
via the small bumps and the large bump, except that F*+ F? replaces F-+ F? in
(2.48), FA* — FE replaces FX in (2.49) and (2.53), and F* + F? replaces FL + FS in
(2.50) and (2.51).

The simultaneous contact with two large bumps ends when the contact force via
the first large bump is zero or, equivalently, if the analysis of §2.2 gives rise to
dB;/dt = w; —w < 0 for contact with the second large bump only. Then, the spheres
will lose contact with the first large bump and be able to asecnd the second large
bump.

3. Experimental materials and methods

The experiments were carried out at room temperature (22°C-25°C) in a vessel
made of Plexiglas, and filled with a Newtonian fluid consisting of 97.4% polyalkylene
glycol and 2.6% tetrabromoethane by weight. From Zhao & Davis (2002), the
kinematic viscosity of the fluid is v =363 cm?s~! at 22°C and v =308 cm?s~! at 25°C.
The fluid density is p =1.112gcm ™3 at 22°C and p=1.111 gcm 3 at 25°C. The vessel
was fixed on a two-dimensional stand and could be rotated about a horizontal axis.
A teflon sphere (p; =2.154gcm ™3, a; =0.318 cm) was used as the heavy sphere, and
a nylon sphere (p, =1.134gcm™, a, =0.318 cm) was used as the light sphere. Two
distinct roughness sizes were created by using the natural roughness for the small
bumps and then adding artificial roughness to the heavy sphere for the large bumps.
Covered with a thin layer of instant glue, the teflon sphere was rolled on a sand glass
on which a few glass beads with diameter of about 0.1 mm were sparsely distributed.
The glass beads stuck to the surface of the teflon sphere and created the large
surface roughness elements (figure 2). As described by Smart & Leighton (1989), the
hydrodynamic roughness of a sphere can be measured by allowing it to settle onto
a smooth plane in a viscous fluid and then inverting the plane and measuring the
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| 0.1 cm

FIGURE 2. Scanning electron micrograph of artificially roughened teflon sphere with small
glass beads on its surface.

times ¢, and t; for it to fall one radius and one diameter, respectively, from the plane.
The initial separation between the nominal surfaces of the sphere and plane is then
determined using

— _ td
8/a =2exp (2 = ta)(l + ln2)> . (3.1)

Using this method, the natural roughness size of the nylon sphere was measured at
8 um, and that of the teflon sphere (with a thin layer of dried glue) was measured
at 10 um. To verify the size of the large roughness elements on the teflon sphere, the
method of Galvin et al. (2001) was used. The teflon sphere was allowed to move due
to gravity in a viscous fluid down a smooth plane inclined only a few degrees from
vertical. The plane was then inverted to horizontal (facing down), and (3.1) was used
to find the large bump size, which was 95 um. Finally, scanning electron micrographs
(e.g. figure 2) yield an average value for the angle between two adjacent large bumps
of @&, =29°,

For the two-sphere interaction experiments, the two spheres were sequentially
introduced into the vessel. Two digital camcorders (Canon ELURA) were used to
observe and record the motion of the spheres from both the top and side of the vessel
(figure 3), and image analysis was performed as described by Zhao & Davis (2002).
Translational and rotational motions of the spheres with natural roughness only were
reported in our previous work (Zhao & Davis 2002), showing considerable scatter in
the data, but with at least qualitative agreement with the theory and verifying the
roll/slip model for the contact interaction with a single bump size. In the present
work, the focus of the experiments is on how the nominal separation between the two
spheres changes after contact is made when there are multiple roughness scales.

After the spheres were allowed to contact each other and rotate to a specified angle
0, the whole system was rotated about a horizontal axis to a position so that the line
of centres was vertical (with the heavy sphere directly below the light one). The heavy
sphere then fell away from contact with the light sphere. By integrating (2.31), the
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FIGURE 3. Schematic of the experimental setup.

dimensionless nominal separation between the two spheres at the time when system
was inverted is

&):tllnéz lzlnél’ (32)

Hh—n

where #; and ¢, are the times for the dimensionless nominal separation to increase from
& to & and &, respectively. The values of & and &, were selected to be much less than
unity (e.g. £ #0.05 and & ~0.10), so that (2.31) is accurate. The experiments were
repeated many times, allowing the distributions of apparent hydrodynamic roughness
to be found for several values of 6.

4. Model results and discussion
4.1. Different stages of contact

The theory described in §2 was used to analyse the different contact stages
which two spherical particles with microscopic surface roughness experience during
sedimentation in viscous fluid. To reduce the number of parameters, we restrict our
attention to equal-size spheres where the lighter one is nearly neutrally buoyant sphere
(as also done in the experiments), and to large roughness elements of single size and
spacing.

Figure 4 shows the dimensionless hydrodynamic separation and the rotational
velocities of the heavy and light spheres versus the angle between the line of centres
and vertical, starting from 6,=10° and By=0° at t =0, with & =0.06, £&5=0.012,
@, =45° y=0.02, Ai=1, and p,=0.15 (Galvin et al. 2001). For comparison with
the roll/slip model with only one bump size, £ =0.012 was used as the dimensionless
single bump height. Arrows are used to represent the transitions between the different
contact stages, and figure 5 illustrates the relative positions of the two spheres at
these transitions.

At the initial contact (IC) point (6 =10°, 8; =0° and & =0.06), the two spheres are
assumed to contact each other at the apex of a large bump. Under the action of both
hydrodynamic and contact forces, the spheres subsequently descend from the large
bump by rotating clockwise with w, > w > w; > 0. Hence, dg;/df =w; —w <0, and
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FIGURE 4. The dimensionless hydrodynamic separation (dashed line) and the rotational
velocities of the heavy (solid line) and light (dotted line) spheres versus the angle between the
line of centres and vertical for the roll/slip model for one bump height (thin lines) and the
current model for two bump heights (thick lines), starting from initial conditions of 6 =10°,
B1=0° at t =0, with £ =0.06, £&5=0.012, puy=0.15, &, =45° y =0.02 and A=1; for the
thin lines, £ =0.012 was used as the dimensionless bump height. S indicates where slipping
begins. See the caption of figure 5 for definitions of the other transition labels. The rotational
velocities may be made dimensionless by dividing by u{/a; =0.2s! for the conditions of the
experiments.

so the rotation of the heavy sphere about the contact point is counterclockwise. As
the heavy sphere descends from the apex of the large bump, however, a lubrication
force develops and reduces the normal component of the contact force and, hence,
the maximum value of the friction force is also reduced, which causes the rotational
velocities of heavy and light spheres to decrease and increase, respectively. At the
slipping (S) position (6 =14.6°, 8y =—2.3° and & =0.059), the friction force between
the spheres reaches its maximum value. After that, the spheres exhibit a combination
of rolling and slipping, and the rotational velocity of the heavy sphere decreases
further to a minimum value and then increases again, whereas the rotational velocity
of the light sphere increases to a maximum value and then decreases. Indeed, for
17.6° <0 < 26.4°, we find w; <O, indicating that the heavy sphere rotates counter-
clockwise about its centre for a brief period.

At the loss-of-contact (LC) point (8 =29.0°, By =—17.3° and &=0.015), the
lubrication force resisting the relative approach of the nominal surfaces of the two
spheres is sufficiently strong that it balances gravity and the additional hydrodynamic
forces, so that the normal component of the contact force becomes zero and the
two spheres lose physical contact. During the period of no contact, the separation
continues to decrease until the spheres contact the small bumps (CS, with 6 =30.0°,
B1=—17.9° and £ =0.012). Due to the frictional contact forces introduced via the
small bumps, the rotational velocities of both spheres are increased. We assume that
the small bumps are of equal size and distributed with sufficient density on the
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IC LC CS

E

CL

FIGURE 5. Sequential configurations for the different contact stages of two spheres with the
same initial conditions and parameters as in figure 4; IC =initial contact with a large asperity,
LC =loss of contact, CS =contact with small asperities, CSL = contact with small asperities
and a second large asperity, CL = ascending the second large asperity with loss of contact with
small asperities. Stage C2L is contact with two large asperities, which is not possible with the
parameters of figure 4.

sphere surfaces to maintain & =& =0.012. The interaction during this contact stage
is then identical to that analysed previously for a single bump size (Davis 1992; Zeng
et al. 1996; Zhao & Davis 2002). In the present case, the two spheres roll and slip
around each other (the critical angle for slipping to begin is only 20 °) with a constant
separation (§ =&g=0.012) until they encounter a second large bump.

Point CSL (0 =47.6°, 1 =27.3°, £ =0.012) represents the beginning of the contact
with a second large lump, which we assume here to be the same size as the first large
bump, with simultaneous contact with the small bumps. From figure 1, the contact
forces through the second large bump favour the clockwise rotation of the heavy
sphere and reduce the clockwise rotation of the light sphere, as verified in figure 4.
Immediately following point CSL, the velocities of the heavy sphere and the line of
centres are equal (w=w,), which implies that the spheres continue to simultaneously
make contact with the small bumps and the large bump. However, the rotational
velocities of the heavy and light spheres are not same (w=w; # w,), which means
that the spheres in this case undergo a sliding motion rather than locking together in
rigid-body motion.

With increasing angle 6, the normal component of the contact force via the second
large bump decreases. At point CL (6 =51.2°, B =—27.3°, £ =0.012), it reaches zero
and the spheres are able to begin rising away from contact via the small bumps and
ascend the second large bump. After that, the nominal separation between the two
spheres increases. However, for the current parameter values, the apex (§ =&;) of
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FIGURE 6. Effect of varying the friction coefficient on the dimensionless hydrodynamic
separation (dashed lines) and the angle between the line of centres and the line connecting
the centre of the heavy sphere and a large bump (solid lines) versus the angle between line
of centres and vertical, starting from an initial condition of § =10° and g; =0° at t =0, with
£, =0.036, £5=0.008, &, =30°, y =0.02, A=1 and p;=0.10, 0.15 and 0.20 (left to right).
The arrows are for uy =0.15 and correspond to the stages described in the caption of figure 5,
but with AL =reaching the apex of the second large bump.

the second large bump is not reached before the line of centres becomes horizontal
(6 =90°) and the heavy sphere falls away from the light sphere.

Compared with the roll/slip model of Davis (1992) for a single bump size, the
current model for two bump sizes predicts a much more complex contact behaviour.
Besides the nominal separation varying between the small and large bump heights,
the rotational velocities exhibit discontinuities when bumps of a different size are
encountered. The changes in rotational velocities are most pronounced for the sphere
on which the large asperities reside.

4.2. Effects of varying parameter values

The interaction of two spheres with multiple roughness scales is strongly affected by
several parameters, including the coefficient of friction, u,, the bump sizes, &, and
&s, the angle between two adjacent large bumps, @;, and the initial conditions 6,
and By. Figure 6 shows the dimensionless hydrodynamic separation and the angle
between the line of centres and the line connecting the centre of the heavy sphere and
a large bump versus the angle which the line of centres makes with the gravity vector,
starting from an initial condition of 6y =10° and By =0°, with & =0.036, & = 0.008,
@, =30°, y=0.02 and 2=1, and friction coefficients of u, =0.10, 0.15 and 0.20. The
overall behaviour is similar to that shown in figures 4 and 5. The spheres experience
five contact stages: descending from initial contact with the first large bump, loss of
contact, contact with small bumps, contact simultaneously with small bumps and a
second large bump, and ascending the second large bump with loss of contact with
the small bumps. In this case, however, the apex of the second large bump (point AL
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FIGURE 7. The angle through which the line of centres rotated (solid line) and the angles
through which the heavy (dotted line) and light (dashed line) spheres rotated versus
dimensionless time since the contact occurred for the same conditions as in figure 6 with
M= 0.15.

in figure 6) is reached before the point where 6 =90° and the spheres separate. At
point AL, B is redefined to be the angle between the line of centres and the second
large bump and so jumps back to 0°. Changing the coefficient of friction has only a
modest influence on the results. Increasing u, generally leads to an increase in the
angle 6 for each transition point, because the normal components of gravity and the
contact force must become smaller to achieve the same frictional force.

The angles through which the two spheres and their line of centres rotated as
functions of time are displayed in figure 7 for the same conditions as in figure 6 and
wnr=0.15. Here, 6; is the angle through which sphere i rotated starting at t =0 when
contact first occurred. The dimensionless time is defined as T =tu!/a,. Compared with
the rotation of the light sphere and the line of centres, the heavy sphere rotated less
in the beginning, which is consistent with the above analysis that, when descending
from the first large bump, the normal component of the contact force opposes the
clockwise rotation of the heavy sphere.

The effect of varying the large bump size is shown in figure 8. When the dimen-
sionless large bump height is &, =0.02, the spheres make contact via the small bumps
at a smaller 6 than for &, =0.036 (figure 6). Also, when contact via the second large
bump occurs, the rotational velocity of the heavy sphere shows a clear difference from
that of the line of centres from vertical, which indicates that the spheres are able to
ascend the large bump when &, =0.02 without remaining in contact with the small
bumps, and so no stage CSL is observed in this case. When the large bump height is
& =005, the spheres are able to make contact with two large bumps simultaneously,
as indicated by (42), and so no contact via the small bumps occurs in this case (stage
CS). Stage C2L in figure 8 for &, =0.05 marks the beginning of simultaneous contact
with two large bumps. Since the normal components of the contact forces prevent
the heavy sphere from rolling over the second large bump, the spheres stick together
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FiGure 8. Effect of varying the large bump height on (a) the dimensionless hydrodynamic
separation (dashed lines) and the angle between the line of centres and the line connecting
the centre of the heavy sphere and a large bump (solid lines) and () the rotational velocities
of the heavy (dotted lines) and light (dashed lines) sphere and the line of centres (solid lines)
versus the angle between the line of centres and vertical, for the same conditions as in figure 6
except uy=0.15 and &, =0.02 (thin lines) and 0.05 (thick lines). S indicates where slipping
begins. The rotational velocities may be made dimensionless by dividing by u{/a; =0.2s7! for
the conditions of the experiments.

and rotate like a rigid body (w = w; = w;) until slipping begins (point S in figure 8b).
Then, the rotational velocity of the heavy sphere coincides with that of the line of
centres from vertical but not with that of the light sphere (w=w; # w,). After that,


https://doi.org/10.1017/S0022112003005652

https://doi.org/10.1017/50022112003005652 Published online by Cambridge University Press

120 Y. Zhao and R. H. Davis

when 6 is large enough so that the normal components of gravity and the contact
forces are sufficiently reduced, the spheres begin to ascend the second large bump
(stage CL) and the rotational velocity of the heavy sphere differs from that of the
line of centres.

For figure 9, the small bump size is varied. Increasing the size of the small bumps
reduces the possibility of loss of contact (stage LC) and of simultaneous contact via
the small bumps and a large bump (stage CSL). For example, there is no loss of
contact with the first large asperity for £ =0.024 in figure 9 before the small bumps
are encountered, whereas there is loss of contact with the first large asperity for
&5 =0.002 and 0.008 (figure 8) before the small bumps are encountered. However, when
the spheres are descending from the second large asperity for £ =0.024 in figure 9,
loss of contact is predicted because the angle 6 is much larger than when the spheres
descended from the first larger asperity and so the normal component of gravity is
smaller. Reducing the size of the small bumps also gives other interesting results. For
£¢=0.002, after the spheres experience the period of descending from the first large
bump and then briefly losing contact (LC), they next make contact via a second large
bump (stage CL) instead of via the small bumps (stage CS). Because the normal
component of the contact force at the second large bump drives the heavy sphere to
rotate clockwise, the spheres descend from this second large bump back toward the
small bumps between the first and second large bumps (df;/dt = w; — w > 0), rather
than ascending over or sticking to the second large bump. Just after the first point
CL for & =0.002, the heavy sphere shows a slightly higher rotational velocity than
does the line of centres, until point CSL is reached. When contact via both the small
bumps and a second large bump occurs (point CSL), the spheres are still not able
to rotate over the second large bump, and the heavy sphere rotates with the same
rotational speed as the line of centres. Then, the spheres rotate together with slipping
(w=w; # wy) until the tangential component of gravity is sufficiently large for the
heavy sphere to rotate over the second large bump (the second point CL), after which
the heavy sphere again rotates slower than the line of centres.

Decreasing the angle between the two adjacent large bumps has a similar effect to
increasing the size of the large asperities. Figure 10 shows that changing the value of
@; strongly affects the occurrence of contact via small bumps. When &; =24°, for
which there are 15 large bumps around the equator of the heavy sphere, no contact
between the spheres occurs via the small bumps, and the average hydrodynamic
separation between the two spheres is higher than for less dense coverage of large
bumps. For @; =36° (10 large bumps around the equator), contact with small bumps
is predicted, and the second large bump is not encountered until the line of centres
has rotated to a sufficiently large angle that the heavy sphere is able to rotate over
the second large bump (stage CL) without simultaneously remaining in contact with
the small asperities (stage CSL, which is present in figure 6 for @; = 30°).

Figure 11 shows the dimensionless hydrodynamic separation and the angle between
the line of centres and the line connecting the centre of the heavy sphere and a
large bump versus the angle between the line of centres and vertical, with 8y =0°,
—5°, —10°, —15°, —20° and —25°. The other conditions are the same as in figure 6.
Variation of B, gives rise to changes in the initial contact position relative to a large
bump. Since ®; =30°, Bo=—15° —20° and —25° are the same as By=15°, 10° and
5°, respectively, and represent cases where the closest large bump is located clockwise
from the initial contact point. The initial separation initially decreases with decreasing
the By until By =—15° for which the two spheres first contact via the small bumps,
and then it increases with further decrease of Sy. Figure 11 also shows that, except for


https://doi.org/10.1017/S0022112003005652

https://doi.org/10.1017/50022112003005652 Published online by Cambridge University Press

Interaction of sedimenting spheres with multiple surface roughness scales 121

0.04 : : 10

pc @ /I\L{ |

St }LC
\
.

0.03

0.02

Hydrodynamic separation, &

0.01

(-3op) ¢ ‘dwing oSre| © 03 oALREIRI 9SUY

-

| ‘ -30
L] cL - ,
f\* csL [cL Ss=0002

Lcl g

0 1 1 1 1 _40
20 40 60 80

0.06 1 | | ,
®)

Rotational velocities, w, w, and o, (s 1

_0.01 ! I ] l
20 40 60 80

Angle between line of centres and vertical, 0 (deg.)

FIGURE 9. Effect of varying the small bump height on (a) the dimensionless hydrodynamic
separation (dashed lines) and the angle between the line of centres and the line connecting
the centre of the heavy sphere and a large bump (solid lines) and () the rotational velocities
of the heavy (dotted lines) and light (dashed lines) sphere and the line of centres (solid lines)
versus the angle between the line of centres and vertical, for the same conditions as in figure 6
except i =0.15 and £5=0.002 (thin lines) and 0.024 (thick lines). S indicates where slipping
begins. The rotational velocity may be made dimensionless by dividing by u/a; =0.2s~" for
the conditions of the experiments.

Bo =—25°, the motions for the different values of the initial contact angle Sy coincide
after contact is made with the small bumps and 6 ~ 35°. For 8, =—25°, contact with
the small bumps does not occur, and there is a much higher nominal separation (on
average) in this case. Note that |8y| < @ is required by geometrical constraints.
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FiGure 10. Effect of varying the spacing between large bumps on (a) the dimensionless
hydrodynamic separation (dashed lines) and the angle between the line of centres and the line
connecting the centre of the heavy sphere and a large bump (solid lines) and () the rotational
velocities of the heavy (dotted lines) and light (dashed lines) sphere and the line of centres
(solid lines) versus the angle between the line of centres and vertical, for the same conditions
as in figure 6 but with py=0.15 and &; =24° (thin lines) and 36° (thick lines). S indicates
where slipping begins. The rotational velocities may be made dimensionless by dividing by
u/a;=0.2s7" for the conditions of the experiments.

In figure 12, the dimensionless hydrodynamic separation and the angle between the
line of centres and the line connecting the centre of the heavy sphere and a large bump
are plotted versus the angle between the line of centres and vertical, with the initial
conditions of By=0° and 6,=10°, 20°, 30°, 40°, 50°, 60° and 70°. The other
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FIGUre 11. Effect of varying the initial contact angle 8; on the dimensionless hydrodynamic
separation (dashed lines) and the angle between the line of centres and the line connecting the
centre of the heavy sphere and a large bump (solid lines) versus the angle between the line of
centres and vertical, starting from initial conditions of 6, =10° and By =0°, —5°, —10°, —15°,
—20° and —25°, with £, =0.036, £5=0.008, &, =30°, y =0.02, A=1 and us=0.15.
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FiGURe 12. Effect of varying the initial contact location 8y on the dimensionless hydrodynamic
separation (dashed lines) and the angle between the line of centres and the line connecting the
centre of the heavy sphere and a large bump (solid lines) versus the angle between the line of
centres and vertical, starting from initial conditions of By =0° and 6y = 10°, 20°, 30°, 40°, 50°,
60° and 70° (left to right), with &, =0.036, £ =0.008, @, =30°, y =0.02, A=1 and puy =0.15.
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FiGUure 13. Dimensionless trajectories of the centre of a heavy sphere relative to a light one
from three experiments (symbols) and theory (curves). The different curves for the upstream
parts are calculated with initial dimensionless offsets of Ayy=0.24, 0.28, 0.32, 0.44, 0.48 and
0.52 (left to right), whereas those for the downstream part are for dimensionless roughness
heights of &£ =0.028, 0.036 and 0.044 (left to right).

parameter values are the same as in figure 6. The ascent of the second large bump is
similar for all 6y < 30°. With increasing 6y, representing the angle at which contact is
first made, the period of contact via the small bumps decreases and then disappears
for 6y > 46°. This result is because the normal component of gravity (which drives the
spheres together) decreases as 6 increases. A practical consequence is that the average
separation is expected to be dominated by the size of the large bumps as the line of
centres approaches horizontal.

5. Experimental results

Figure 13 shows the relative trajectories of the centre of a heavy sphere relative to a
light one for three different experiments. The top part of each trajectory is only affected
by the initial horizontal separation between the centres of the two spheres, whereas the
bottom part depends on the dimensionless nominal separation between the spheres
when they first separate at 8 =90°. In figure 13, the best-fit of the experimental data
for the upper parts of the trajectories give Ayg=2Ayy/(a; +ay) =0.26, 0.28 and 0.43,
for three experiments with different initial offsets. The best-fit of the experimental
data for the lower parts give &£ ~0.036 at & =90° for all three experiments. This result
corresponds to a dimensionless value of § =115 um, which is close to the size of the
beads that form the large bumps. Consistent with theory (e.g. figure 11), the nominal
separation at # =90° is dominated by the size of the large asperities, even though
they are sparsely distributed, and it is not very sensitive to the initial angles when
contact first occurs.
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FIGURE 14. The angles through which the heavy and light spheres rotated versus dimensionless
time from experiment (symbols) and theory (curves) for the roll/slip model with one bump
height (solid lines) and the current model for two bump heights (dashed lines) The conditions
are 6y =20°, Bop =—6°, &, =0.036, £ =0.0057, &, =20°, y =0.02, =1 and s =0.15. For the
model with one bump height, results are shown for & =0.0057.

In figure 14, the results for the experiment with Ay, =0.28 in figure 13 are compared
with the theoretical solutions for both the roll/slip model with one bump size (solid
lines) and the current model with two bump sizes (dashed lines). For this experiment,
the light sphere shows a greater rotation rate than the heavy sphere, especially
for short times. Therefore, the initial contact stage of the two spheres is that of
descending from a large bump (8y <0°), so that the torque exerted on the heavy
sphere by the normal component of the contact force slows its clockwise rotation.
The value By=—6° was selected to provide the best model fit of the experimental
data. For later times, a second large bump is encountered, and the rotational velocity
of the heavy sphere increases as it ascends the second large bump, due to the torque
exerted by the contact force now aiding its motion. For the light sphere, because the
normal component of the contact force always passes through its centre and provides
no torque, the rotation shows only a slight difference between the model with a single
bump size and the model with two bump sizes.

Figure 15 shows the comparison of the experimental results for the dimensionless
hydrodynamic separation with the model predictions, averaged over a random dis-
tribution of all possible initial angles By, versus the angle 6 between the line of centres
and vertical. The different solid lines are for contact first occurring at 6, =15°, 10°,
10°, 30°, 40°, 50°, 60° and 70° (left to right), whereas the dashed lines are the results
averaged over all 0 <6y <6. In these experiments, the heavy sphere started with a
random placement above the light sphere and then fell until contact was made at
initial angles By and 6y, which varied from run to run. The heavy sphere then moved
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FIGURE 15. Comparison of theoretical (curves) and the experimental (symbols) results for
the dimensionless hydrodynamic separation versus the angle between the line of centres and
vertical. The solid curves are model predictions starting from the initial conditions of 6y = 5°,
10°, 20°, 30°, 40°, 50°, 60°, and 70° (left to right), averaged over all initial By, with & =0.036,
£3=0.0057, @, —29O y =0.02, A=1 and pus =0.25. The dashed lines are the overall average
separation from equation (5.1) w1th E¢=0. 0057 (top) and &5 =10.0034 (bottom). The error bars
represent + one standard deviation for multiple experiments (29 with 6 ~ 22°, 43 with 6 ~48°,
49 with 6 ~ 86°).

around the surface of the light sphere until an angle 6 was reached. At this point, the
container was inverted, so that the heavy sphere was directly below the light sphere,
and the nominal separation was determined from (3.2) based on measurements of the
time it took the heavy sphere to fall to a given separation from the light sphere. While
the initial orientation angle By for the nearest large bump is randomly distributed, the
distribution of the initial contact angle 6, has a weight factor of sin 6, cos 6y, based
on the probability of a particle pair making initial contact at the angle 6, given a
random initial placement of the heavy sphere far above the light sphere. The factor
sin 6, comes from the area of a ring-shaped surface element at the angle 6y, and the
factor of cosfy comes from the normal component of the relative velocity of the
two spheres due to the component of the gravitational force acting along the line of
centres. Note that the particle pair probability, for a random distribution when well
separated, is independent of the angle 6, (Batchelor 1982). Thus, the dashed line in
figure 15 is the overall average given by

// £(6; Bo, o) dBo sin 6 cos By db
oL
(@, sin’6)/2

Both the data and theory in figure 15 show a broad distribution of the nominal
separation between the sphere surfaces, especially at small and moderate values of the

(5.1)

(£(0)) =
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angle 0, due to the multiple roughness scales. A primary finding from figure 15 is that
the average separation generally increases with increasing angle 6, becoming nearly
equal to the height of the large bumps (£, =0.036) as the line of centres becomes
horizontal (6 =90°). This result occurs because an encounter with a large bump
causes the spheres to lift away from each other to a dimensionless separation &;, and
the component of gravity which pushes them back together becomes weaker as the
particle pair rotates toward horizontal. The observation that many of the measured
separations are slightly higher than the predicted values as 6 — 90° is probably due
to the presence of natural surface roughness on the light sphere that is not included
in the model. In contrast, we note that the average measured separation falls below
the average predicted separation at the smallest angles examined (6 ~22°). In the
model predictions for these angles, the initial contact with a large asperity plays a
large role, as the decrease in the nominal separation from a large bump to the small
bumps is slowed by the lubrication resistance. Moreover, the model is restricted to
axisymmetric motion, with the large asperities projected onto the equator of the heavy
sphere. In the experiments, however, a large asperity may be encountered which is to
one side of the equator. Then, the heavy sphere will not roll directly over this bump
but instead it will also tip sideways, which reduces the nominal separation.

Finally, the lower and upper dashed lines are for & =0.0034 (§5=10um) and
&5 =0.0057 (65 = 18 um), corresponding to the small bump height equal to the natural
roughness of the teflon sphere and to the sum of natural roughnesses of the teflon
and nylon spheres, respectively. Clearly, the variation of the small bump size in this
range has little effect on the overall results.

6. Concluding remarks

This work has examined the contact and near-contact interaction of two unequal
spherical particles with multiscale surface roughness, sedimenting due to gravity at low
Reynolds number in a viscous fluid of large extent. Even with microscopic surface
asperities of only two sizes, the behaviour is considerably more complex than for
interactions with a single roughness scale. The influence of microscopic roughness on
the rotational motion of one sphere past the other is expected to affect the rheological
behaviour of a sheared suspension (Wilson & Davis 2000, 2002), in addition to the
separation of species of different sizes or densities in gravitational sedimentation.

Following previous work, the model assumes that the roughness elements are
sufficiently small and sparse that they do not affect the hydrodynamic interactions of
the spheres. The physical contact (which is prevented by lubrication forces for smooth
spheres) occurs when the nominal separation decreases to the local roughness height
as a heavy sphere falls downward onto a lighter (or smaller) sphere. The heavy sphere
will roll and possibly slip around the surface of the light sphere in contact with the
smaller bumps until a larger bump is encountered. If the latter asperity is sufficiently
tall, and the angle between the gravity vector and the line of centres is sufficiently
small, then the heavy sphere will not be able to pivot over this tall bump and so the
two spheres will rotate together in rigid-body motion or, for small friction, the heavy
sphere will slide without rolling around the surface of the light sphere. Eventually,
the line of centres will rotate to where the component of gravity perpendicular to this
line is sufficiently large that the heavy sphere rotates up and over the tall bump. The
heavy sphere is then driven back toward the light sphere by the component of gravity
parallel to the line of centres. However, as the angle between the line of centres and the
vertical increases during the interaction, the component of gravity along the line of
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centres becomes weaker and so the nominal separation tends to remain close to the
height of the large asperities. Indeed, both theory and experiment show that the
nominal surface-to-surface separation when the line of centres approaches horizontal
is essentially equal to the large bump height, independent of the conditions where con-
tact first occurs. Since rheological information such as the pair-distribution function
and hydrodynamic diffusion in dilute suspensions is dependent on the two-sphere
trajectories after contact ends, once the pair becomes horizontal the large bumps can
have a dominant effect.

In contrast, the nominal surface separation at moderate angles between the line of
centres and vertical tends to be much closer to the height of the small asperities, aided
by the period when the two spheres make contact simultaneously via the small bumps
and a large bump and are not able to pivot over the large bump. At small angles,
there is a large variation in the nominal separation and in the rotational motion of
the spheres, with a strong dependence on bump sizes and locations and on the initial
contact location.

The experiments support the model predictions, except that the nominal surface
separation measured experimentally is smaller, on average, than that predicted by
the model when the angle between the line of centres and vertical is small. It is
thought that this difference is caused by sideways tipping of the spheres off a large
asperity in the experiments, which is not accounted for in the axisymmetric model.
Exploration of fully three-dimensional interactions during particle—particle contacts,
and of surface topologies with many roughness heights and spatial distributions, may
be of interest in future work.

This work was supported by the National Science Foundation through grant CTS-
9712604 and by the National Aeronautics and Space Administration through grant
NCC3-796.
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