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Abstract. — The hydrodynamic interactions between a spherical particle embedded in a very
viscous fluid and a large close spherical obstacle are investigated experimentally. The displace-
ment of the particle is followed by laser interferometry with a 100 nm resolution. The large
obstacle is either convex, plane or concave. The experimental results for the drag coefficient on
the particle are compared to the theoretical results written as three terms expansions for small
gaps, viz. the result of Cox and Brenner (1967) for a plane obstacle, the result of Jeffrey (1982)
and Jeffrey and Onishi (1984) for a convex obstacle and an extension of Cooley and O’Neill
(1969) for a concave obstacle. Excellent agreement is found between the experimental and the
theoretical results for all cases.

1. Introduction

The motion of a small particle embedded in a viscous fluid when in the neighbourhood of a
large curved obstacle is of interest for various applications: filtration, particle adhesion and
reentrainment, etc. If small particles in air or liquids are considered, the Reynolds numbers
of the flow relative to the particle and relative to the gap between the particle and the large
obstacle may be smaller than unity. This system is modelled experimentally here by using
rather large (viz. millimeter size) particles embedded in a very viscous silicon oil.

The technique used here is laser interferometry. The experimental setup and procedure will
be described in Section 2. The application of interferometry to the study of hydrodynamic
interactions between a particle and walls in a viscous fluid has been presented in a preceding
paper by Lecoq et al. [1]. It was then applied to the study of the hydrodynamic interactions
between a sphere and a cylinder closed at both ends. The technique allows us to follow the
displacement of a particle with a typical resolution of 100 nm. Because of this possibility, it is
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specially adapted to validate various theoretical results in low Reynolds number hydrodynamics
when displacements are small.

The configuration used here consists of a sphere sedimenting in a fluid at rest towards an
obstacle at rest. The gap between the sphere and the obstacle is small as compared to the
sphere radius. Typical obstacle surfaces are used: (i) a plane; (ii) spherical surfaces with a
large radius, viz. a convex one and a concave one.

Theoretical results have been obtained in the literature for the motion of a sphere towards
a close plane and a close convex or concave spherical obstacle on the basis of the creeping flow
equation of fluid motion, or Stokes equations. Expansions of the friction factor for small gap
will be used here. These results will be recalled in Section 3. The expansion valid for a concave
obstacle will be extended here.

Our experimental results will then be compared to the theoretical formulae in Section 4.
Finally the conclusion is in Section 5.

2. Experimental Setup and Procedure

The experimental setup is sketched in Figure 1.

A spherical particle is sedimenting on the centerline of a closed cylindrical cell filled up with
viscous oil. The particle is a steel ball manufactured by SNR. Its mass density is 7800 kgm™3.
The sphere radius is 3.175 mm. Departure from sphericity is small, typically less than 5 pm.
The surface roughness observed under a scanning microscope is less than 0.5 pm.

The viscous fluid is silicon oil (Rhodorsyl 47 V 100000) with kinematic viscosity v = 0.1
m?s~! and mass density p, = 978 kgm™3 at 25 °C. Silicon oil was chosen for its very small
variation of viscosity with temperature. The very large viscosity was chosen so that fluid
inertia effects would be quite negligible as compared to viscous effects. As a matter of fact,
calculating the Reynolds number based on the sphere radius and Stokes sedimentation velocity
of the particle settling in unbounded fluid at rest, we find that it is of the order of 1075,

The measurement cell C is a closed cylinder with inner height 40 mm and inner radius 25
mm. The axis of the cylinder is vertical. One cylinder end is closed by a plane glass window G

DATA
ACQUISITION,|

S ,,’] i NeHe Laser
L

M M

Fig. 1 — Experimental setup. L1, Lz' Lens; Ms: Fixed mirror; M, M,: Mirrors; S- Beam splitter; D:
Diaphragm; G: Plane glass window; Sc: Curved surface, C: Measurement cell; P: Particle
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of optical quality with thickness 3.00 £ 0.02 mm. The other end 1s closed by a curved (either
convex or concave) surface, that is a lens of optical quality (made by Newport), with radius
51.68 mm. Both outer end planes of the cell are made parallel to within a tolerance of 5
minutes of arc. This cell arrangement allows us to study the motion of a sphere towards a
plane and a curved surface successively by turning the cell upside down. Alternatively, the
curve surface may be used before the plane one; this choice does not affect the final result
since the characteristics of the fluid do not vary during the experiment. First, there is no
temperature variation during the experiment: the absorption of laser energy is very small
and the heat dissipated by viscous stresses is small as well. Secondly, the oil is composed of
dimethyl siloxane chains of various lengths so that even if some large chains are broken by the
particle motion, the overall distribution of chains is not much affected.

Before starting the experiment, the steel ball is maintained at the upper side of the container
with a magnet located outside the cell, on top of it. At the beginning of the experiment, the
magnet is taken away and the ball starts settling. The departure of the ball was found to be
quite smooth, because of the low sedimentation velocity, especially near the wall.

A 15 mW He-Ne laser beam with wavelength A = 632.8 nm is focused at the center of the
cell with a lens L;. It is then divided by a beam splitter into two separate beams having
roughly the same power. Both beams are then deviated by successive reflections onto mirrors
M, following symmetrical paths. In the preceding version of the experiment [1], the two beams
were reflected by the particle; it was then necessary for the beams to follow symmetrical paths
with nearly equal lengths. In the present version of the experiment, only one of the beams is
reflected by the particle in motion. The other beam is a fixed reference one. Since this reference
beam may in principle have any length, we chose a simple setup in which it is reflected by a
fixed plane mirror Mg attached to the other end of the cell. This choice allows us to switch
from one setup to the other when necessary, by simply changing the cell.

Both reflected beams then follow the same paths in the reverse direction, up to the separator
where they combine to form interference fringes. The resulting beam is extracted from the
interferometer by the mirror M,. It is then stopped down and focused onto the end of an
optical fiber coupled to a photomultiplier. The use of an optical fiber makes it easier to select
the useful central part of the reflected beam.

The displacement of the particle results in a shifting of the interference fringes which appear
as concentric clear and dark rings. Shifting from a dark to the next clear fringe (or conversely)
is characteristic of a displacement Az of the particle such that

_A
T 4n

Az 1)
in which 7 is the index of refraction of the liquid for the given wavelength A = 632.8 nm, that is
n = 1.404 for the silicon oil. Thus the absolute resolution of the apparatus, that is the smallest
displacement which can be measured with a good confidence, is Az ~ 100 nm.

Note that in the setup used in [1] the cylinder was closed by plane optical windows at both
ends. Then both beams were reflected by the particle so that the sensitivity was A/(8n) ~
50 nm that is two times smaller. The twofold increase in the sensitivity when changing to the
present setup is in a sense the price to pay for using any type of obstacle.

The signal intensity detected by the photomultiplier varies as a function of the particle
displacement 2 according to the following formula

I=1 [cos (Q—Wn%_'_ﬁﬂz (2)
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where ¢ is an unknown constant phase shift which depends on the various reflections applied
to both beams.

This interferometric signal is converted into an electric signal by the photomultiplier; this
apparatus manufactured by Hamamatsu has a bandwidth in wavelength 300 nm < A < 850
nm. The analog signal is transformed into a digital one with a converter board installed in
a PC compatible microcomputer. Data acquisition programs are written in C language with
some parts in assembler language to increase data acquisition frequency.

The results in {1] were relative to the motion of a spherical particle along its whole trajectory
inside the cell. The present article is only concerned with the approach of a particle to a wall.
Thus the data acquisition is started when the sphere comes close to the wall, at a distance of the
order of 200 pum from it. The beginning of the acquisition of the electric signal is synchronized
with the value 300 Hz of the shift frequency of the interference fringes. A typical signal is
presented in Figure 2. It corresponds to a sphere approaching a concave obstacle.

Contact

t (s)

Fig. 2. — Example of an interferometric signal for a spherical particle approaching a concave obstacle.
The beginning of the signal corresponds to a particle velocity of the order of 3 um/s.

The recorded signal is then processed in the microcomputer as follows. The average line
is calculated first. The successive times at which the signal crosses this average line are then
obtained. The difference between two such times is the elapsed time interval At for the particle
to move a distance Az, Equation (1). The particle velocity is then simply calculated as

wp = Az/AL.

Because of the small size of Az and of the excellent precision on the measurement of time,
it was found that this simple method is sufficient to provide a smoothly varying velocity. As
indicated above, the data aquisition is started for the value 300 Hz of the shift frequency of
the interference fringes; this corresponds to a sphere velocity of 67.10 pm/s.

The contact position for which the particle velocity vanishes is clearly visible on the signal
curves. It is obtained with a 100 nm precision. This contact position is taken as the origin
of the sphere-to-wall distances. The experimental gap between the particle and the obstacle
based on this origin is then reconstructed at the end of each experiment.

Thus, a practically continuous set of particle positions and velocities can be recorded.

The present setup is adapted to study the purely one-dimensional motion of a sphere along
the vertical. The verticality of the upper beam is adjusted by forming an autocollimation of
the beam on a surface of mercury. The lower beam is adjusted by superimposing it to the
upper one. The cell is then made horizontal by autocollimation of the upper beam on an
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optical mirror attached to the upper side of the cell. That is, the setup is designed in such a
way that any horizontal motion would be quite small, and if present, would be immediately
detected: interferences with three waves would then form and the signal would be unusable.
In the case of a concave or a convex wall, the axis of symmetry has to be exactly vertical and
cross the sphere centre during its motion. The perfect verticality of the axis of symmetry is
made possible by precise construction of the cell, as detailed above. For a concave wall, the
sphere if off axis is then moving towards the axis of symmetry. This observation agrees with
the theoretical prediction of Falade and Brenner [2]. Conversely for a convex wall, in the case
of a bad alignment, the closer the sphere from the wall, the larger the discrepancy. The sphere
is then rapidly moving out of the beam and the interferometric signal is lost. It is thus easy
to ascertain the position of the sphere so as to measure its vertical velocity.

3. Theoretical Formulae for Two Close Converging Spherical Surfaces

3.1. PROBLEM AND NOTATION. — Typical obstacles chosen in the experiment are a plane
and a spherical surface with a large radius.

Consider then (Fig. 3) a sphere with radius e moving with velocity w, towards a large
spherical obstacle at rest. Let |az| be the radius of the particle and let kK = —afas. By
definition, as > 0, k < 0 for a convex obstacle, and a; < 0, k > 0 for a concave obstacle. Let
z be the axis along the line of centers of the spheres. Let ea be the gap between the surfaces
of the spheres. We assume ¢ < 1.

Solving Stokes creeping flow equations of fluid motion, the expression for the drag force on
the sphere is obtained as linear function of the velocity w, in the form

F, = —6rapw, f, 3)

The force is along z by symmetry, as indicated by the subscript 2. £ is the friction coefficient
relating the force in the z direction to the translational velocity in the z direction. p is the
dynamic viscosity of the fluid.

3.2. PLANE OBSTACLE. — An exact theoretical result for f., for the motion of a sphere
towards a plane was derived independently by Brenner [3] and Maude [4] using the method
of bipolar coordinates. A three term expansion of this result for small gaps (e < 1) was later
obtained by Cox and Brenner (5] and independently by Cooley and O’Neill [6]:

zz

1 1
T = - - g1og,-e +0.9713 (4)

Note that other terms involving the fluid inertia were also derived by Cox and Brenner [5],
but these terms will be neglected here. There is a small discrepancy between the two quoted
papers in that Cox and Brenner obtained the more precise value 0.971264 for the constant
term, whereas Cooley and O’Neill obtained the value 0.971280. Since the next term in the
expansion is of order eloge, the difference between both values would be significant only if
leloge| < 10~% which occurs for € < 107%. For a particle with a radius of the size of a few
millimeters, the gap would then be of the order of a few nanometers. Such small gaps are not
considered in the present experiment since the sensitivity is 100 nm. The value 0.9713 which
we use in Equation (4) is compatible with the results of Cox and Brenner [5] and Cooley and
O’Neill [6] and it is sufficient for experimental purposes.

It is also of interest to compare expansion (4) to the exact result of Brenner [3] and Maude [4].
As shown in [6] the two results differ by less than 0.3% when e = 0.12763 which is above the
non-dimensional gaps used in the experiment. Thus the expansion (4) is sufficient for our
purposes
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Fig. 3 — Notation for a spherical particle moving towards a large spherical obstacle. In the experi-
ment, ¢ = 3 175 mm, |az2| = |a/x| = 51.68 mm.

3.3. SPHERICAL CONVEX OBSTACLE. — Cooley and O’Neill [6] also obtained an expression
for the friction coefficient on a sphere moving towards a close spherical obstacle at rest. Their
result is in the form of a two-term expansion for small gaps:

1 (1 -7k + &2?)

T —_
foe = (1 - k)2 5(1 — k)3

loge + O(1) (5)

Note that there is a misprint in Equation (7.12) of [6].

This result was later generalized for a convex obstacle of radius —a/x, with x < 0, by
Jeffrey [7] who derived an expansion up to order Ofe) (his Eq. (5.9)). For our purpose of



N°2 SPHERE-OBSTACLE HYDRODYNAMIC INTERACTIONS 329

Table I. — Values of K(x).

K 0 0.1 0.2
K(x) [ 09713 | 1.1378 | 1.504

comparing with the present experiments, we retain only terms up to order O(1):

2 (1 - k)2 5(1 — k)3

loge + K(k) (6)

The function K (x), obtained by matching expansion (6} with the exact solution for two spheres,
was tabulated by Jeffrey and Onishi (8]: see their Table II in which A is —x and Af is K.
Interpolating between these values, we obtain K = 1.0192 for the value k = —0.0615 used in
the experiment.

3.4. SPHERICAL CONCAVE OBSTACLE. — Expansion (5) obtained by Cooley and O'Neill [6]
is also valid for a sphere and a close concave obstacle of radius a/k with & > 0. Following then
the approach of Jeffrey [7] with now « > 0, expansion (6) still holds. The function K(x) will
be obtained by fitting expansion (6) to the exact solution for two spheres.

From the linearity of Stokes equations of fluid motion, the exact expression for the force on
the sphere moving with velocity w, towards the obstacle at rest is obtained as the sum of the
forces for the following two cases:

(i) the force on the sphere moving with velocity wy/2 towards the obstacle moving with an
equal and opposite velocity —wy/2;

(ii) the force on the sphere moving with velocity w,/2 when the obstacle moves with the same
velocity w,/2. As remarked by Cooley and O’Neill (6], this is a solid body motion (the
fluid is at rest in the frame moving with velocity w,/2) so that the force on either wall
is zero.

The required force is then
F, = —6ran(uw,/2)F: (7)
in which F7j is the friction coeflicient for case (i). This coefficient is tabulated by Cooley and
O’Neill [6] in their Table III. Thus from (3) the exact value of the friction coefficient for a
sphere moving towards a close concave obstacle is obtained as (fL )ex = F1/2.
The function K (k) is then obtained by fitting expansion (6) to the exact solution (fX)ex,
that is, denoting (fZ )ap the sum of the first two terms in (6),

K(x) = ( ;rz)ex ~(f22)ap- (8)

The result is given in Table I. By interpolating these values, we obtain K = 1.0499 for the
value x = 0.0615 used in the experiment.

3.5. RELATIVE IMPORTANCE OF THE TERMS IN THE EXPANSIONS. — Rewriting expansion
(6) for small gaps as
M
T = —-@ + L(k)loge + K(k) (9)

the relative significance of these three terms is presented in Figure 4 by plotting
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Fig. 4 — Plot of 1/f7 showing the relative significance of the terms in expansion (9) of fI, for the
three cases of a convex surface with x = —0.0615 (top three lines), a plane (middle three hines), and
a concave surface with k = 0.0615 (bottom three lines). The solid lines represent the first term in the
expansions, the dash-dotted lines represent the first two terms and the dashed lines the three terms.

—1
. [Men)] (solid line}),
’ —1
. [ME"’“_) + L(x) loge} (dash-dotted line),

-1
. [Mgﬁl + L(x) log e + K(n)] (dashed line)

versus the non-dimensional gap €. These plots are provided for the three cases of a plane, a
convex surface with k = —0.0615 and a concave surface with xk = 0.06.

4. Results and Discussion

Using the experimental velocity wy of the particle, and introducing its weight and buoyancy
together with expression (3) for the drag force into Newton’s law of motion, the experimental
friction coefficient f, is obtained. The particle inertia, which is of the same order as the fluid
inertia, is negligible for the small Reynolds numbers considered here.

The experimental friction coefficient fY for the motion of a sphere towards a plane wall
is represented versus the non-dimensional gap € in Figure 5 as a logarithmic plot for ea <
200 pm. The agreement with the theoretical expansion (4) is excellent. The fluctuations due
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Fig 5. — Logarithmic plot of the friction factor versus the non-dimensional gap for a sphere moving

towards a plane wall and in a close vicinity to it; experiment and theory.

to temperature variations are negligible. The small discrepancy observed for the smallest gaps
is the consequence of the presence of a small roughness on the sphere. It can be checked that
for the small ¢ for which the discrepancy occurs, €a is of the order of the roughness. It is
estimated here to be 0.5 um, equal to the maximum roughness 0.5 pm observed under the
scanning microscope (Sect. 2).

Defining the Stokes sedimentation velocity of the particle in unbounded fluid at rest as

F,

= - 10

Wps 6rap (10)
the non-dimensional particle velocity is obtained as
1

Yp (11)

Wps e
The results can be alternatively plotted in terms of the non-dimensional velocity wp /wps versus
the non-dimensional gap ¢. They are shown in Figure 6.

The experimental non-dimensional velocity of the sphere moving towards a curved obstacle
is also shown in Figure 6. It is compared to the theoretical value obtained from (11) and the
expression for the friction coefficient from Section 3.3 and Section 3.4 for a convex and concave
obstacle, respectively.

The agreement between experiment and theory is excellent for the plane as well as for the
curved obstacles.

It is seen in the Figure that the curvature of the obstacle strongly modifies the sphere velocity.
This is because the flow of liquid out of the region near the contact point is responsible for the
drag force; and this liquid flow is strongly affected by the curvature of the obstacle. When the
surface is convex, the outside flow is made easier and the drag decreases; the reverse happens
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Fig. 6. — Plot of the non-dimensional velocity versus the non-dimensional gap for a sphere moving
towards a convex spherical surface (top), a plane (middle), and a concave spherical surface (bottom).
The sphere is in close vicinity to the obstacle. Experiment (circles) and theory (solid lines).

when the surface is concave. It is also seen in the Figure that the case of a plane obstacle is
intermediate between the convex and concave surfaces, as expected.

The influence of the surface curvature increases for small gaps: the relative difference between
the experimental curves for the convex and concave obstacles is of the order of 20% for € =~
5 x 1072 and 25% for ¢ ~ 3 x 1073, Inspecting the curves in Figure 6, one sees that the
experimental results for the convex or the concave surface separate continuously from those
for the plane surface.

It is interesting to note that the velocity ratios (wg)convex/(Wp )plane and (Wp )concave/ (Wp )plane
are practically constant over the whole experimental range. This can be understood by recast-
ing expansion (6) for a curved obstacle in the following form:

1 1 1 6k
T = —— —_—— - —_
22 = 1= r) L z loge+0.9713 + 3 loge + O(K (k) — 0.9713)| . (12)

The first three terms in brackets are the expansion terms for the plane equation (4). The
fourth term is small as compared to 1/e for small «: for k£ = 0.0615 and € = 0.06, we obtain

€ (%’ilog e) =1.25%.

The fifth term in brackets in (12) is O(5 x 1072), that is very small as compared to 1/¢. Thus
it is seen that the three-term expansion of the friction factor for a curved (convex or concave)
obstacle with a large radius can be obtained by multiplying the corresponding expansion for
the plane by 1/(1 ~ &)2.

The region of small gaps € < 0.01 is replotted in more detail in Figure 7. The experimental
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Fig. 7. — Same as in Figure 6. Details of the region of small gaps ¢ < 0.01. The lubrication law is
also shown as dashed straight lines for the three cases of a convex (x < 0), plane (x = 0) and concave
(x > 0) obstacle.

data can be compared to the lubrication law, which is written

Wp
Wps

=(1- k)% (13)

using (11) and the first term in (5). In Figure 7 one can see that (13) only applies for small
non-dimensional gaps, roughly € < 0.005, that is for a sphere-to-wall distance less than or equal
to 15 pm.

The relative hydrodynamic effects of the other walls of the cell are negligible. This can be
checked using the characteristic dimension R = 25 mm for the cylinder radius: the relative ef-
fect of the lateral walls is O((a/R)/(1/¢)); for the largest value ¢ = 0.06 used in the experiment,
this is 0.76%.

5. Conclusion

The hydrodynamic interactions of a spherical particle with a close obstacle in creeping flow
have been measured with laser interferometry. The typical obstacles considered here are a plane
obstacle, a convex obstacle and a concave spherical obstacle with large radii. The experimental
results for the friction coefficient are in excellent agreement with the theoretical results written
as a three term expansion for small gaps.

The interferometric technique is well-adapted to validate theoretical results for the drag on
a particle obtained from the creeping flow equations, especially for small displacements when
other methods would not be so efficient.
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