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A SIMPLE DERIVATION OF ROTNE-PRAGER
TENSOR AND HYDRODYNAMIC INTERACTIONS
BETWEEN TWO SPHERES*
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We have given a simpler derivation of the Rotne—Prager tensor based
on the exact fluid velocity formula for a uniform flow past a sphere in low
Reynolds number regime. For two identical spheres in uniform flow, we
have given the hydrodynamic interaction profiles for different distances and
angles, which are formed between the flow directions and the connection
lines of two spheres. The lift forces perpendicular to the flow directions
are responsible for the migration phenomenon in the vorticity direction of
a chiral object in shear flow.
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1. Introduction

In the low Reynolds number regime, the fluid flow velocity at an ar-
bitrary point = is linearly related to a point force f(R) at R by u(r) =
H(r — R)f(R). The mobility tensor, H, describing the hydrodynamic in-
teractions, can be very complicated, and obtaining analytical expressions is
very difficult [1]. As is well known, the exact hydrodynamic interaction ten-
sors of two spheres are essentially not pairwise-additive, they are long-range,
and can be expressed as a power series in a/r [2,3,4,5,6,7,8|, where a is the
sphere radius and r is the distance between centers of the two spheres. How-
ever, the mathematical expression for H is greatly simplified if the following
assumptions are made: (1) the particles are all spherical; (2) hydrodynamic
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interaction is pair-wise additive; (3) the distance between two spheres is
much larger than the diameter of the sphere 2a; and (4) no-slip boundary
conditions are used on sphere surfaces. Then, H is expressed as functions of
the particle positions and velocities, without explicitly dealing with the fluid
motions. The Oseen and Rotne—Prager tensors |9] are the lowest order terms
in power series of hydrodynamic interactions; the former neglects the size
of the particle, while the latter takes into account some corrections to the
particle size. The Rotne-Prager tensor is of central importance in various
interdisciplinary fields such as microfluidics [10, 11] and biophysics |12, 13].

The present work is based on the above approximations.

Here, based on the exact flow velocity formula for a sphere in uniform
flow under the low Reynolds number limit, we will give a simpler derivation
of the Rotne—Prager tensor.

A phenomenon has triggered much interest in recent years, that the lift
force (or migration direction) of chiral objects in shear flow can be aligned
with either vorticity direction or opposite vorticity direction depending on
different handedness |14, 15]. The chiral objects, even many other rigid
objects and biological macromolecules, are often theoretically modeled by
using a distribution of Stokeslets on the body surface [15,16]. Hence, Rotne—
Prager tensor is widely accepted in the description of hydrodynamics of
these Stokeslets, where each Stokeslet is considered as point-particle with
fixed position and no rotation. Higher order contributions such as many-
body [17,18,19], coupling between rotational and translational motions |3],
and lubrication forces [20,21] are neglected.

Motivated by this phenomenon and based on the above approximations,
we thus carry out researches on an old simple issue related to the hydrody-
namics of two identical spheres in uniform flow. Although many studies had
been done on this kind of problem [22,23,24, 25,26, 27|, we especially focus
on the lift forces perpendicular to the flow directions, for different angles
between the flow directions and the connection lines of two spheres, and
different distances between two spheres, because it is partially responsible
for explanation of migrations in the vorticity direction for chiral objects in
shear flow [28].

2. A simple derivation of Rotne—Prager tensor

According to the exact results for the fluid velocity that obeys the creep-
ing flow equation due to the presence of a sphere, we will derive the expres-
sions of Rotne—Prager tensor by transformation of the flow velocity expres-
sions from spherical coordinates to Cartesian coordinates, on the base of
the above approximations in Sec. 1 with the particles treated as point-like
objects and their rotation effects neglected.
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In a creeping uniform flow wug, a sphere with radius a excites a flow field
at distance r from the center of sphere [29,30]

1a®> 3a
r\T = 9.3 o | 1
ur(r,0) u0c089+u00089<2r3 27’> (1a)
1 3
ug(r,0) :—uosin9+uosin9<4i3+ii> ; (1b)

where the flow is along the direction of # = 0 in polar coordinates.

Suppose the flow velocity is of arbitrary direction in Fig. 1, we can de-
compose ug into wg = uggt + ugyJ + uo-k. We take the up, component as
an example, substitute ug, and 6, into Eq. (1), get the corresponding w,
and ug, which are expressed further in xyz coordinates
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Fig. 1. The schematic of the geometric relation for a sphere with center located at

point O(X,Y, Z) in uniform flow ug. The position P(z,y, z) with distance r away
from the sphere center specifies three angles 0, 6, and 6, which are formed by the
OP connection line and three coordinate axes. 7 is angle between the connection
line OP and its projection line on xoz plane. « and 3 are formed by this projection
line and two axes on zz plane.
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Using the simple relations of triangle functions, sin 6, cos a=cosy cos o=
cos 0, sin B, cos f = cos~ycos 3 = cos B, the above flow velocity of Eq. (2)
can be transformed to

3 ad  a
Uz = oy (73 — 7’) cos 0y cos b, , (3a)
l1a> 3a 1a> 3a )
uy = on |:1 + (273 — 27‘>:| COS2 Gy + on |:1 — <47‘3 + 47‘>:| Sln2 Gy,
(3b)
_3 @@ _a 0s 6, cos b (3c)
uz = Juoy (g — ) costy .
For convenience of calculation, all the triangle functions are substituted
by cosf, = =X cosf, = L- Y cos@ ==z
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Uy = ugy [—4@ 3 + Za?’ 3 " . (4c)

Considering the contributions from the other two components wug,
and wp,, we can use the following Stokeslets tensor (i.e., the Oseen tensor)
and Doublets tensor

5, (@i— R (o - RY)

Sw’(il?,RM) = — 4+ 7’3 ) (5&)
" 51’]’ (a;z — Rf) (.Z'j — R?)
Dij(ili,R ) = _7”73 +3 5 s (5b)

where p is the sphere label, r = | — R*|, i and j run from 1 to 3. So, the
flow field can be written as [31]

—u01+zu0] [— S;j(z, R*) + 4a ij(m,R“)] : (6)

If there are many spheres in the fluid, the flow field should be the super-
position of the contributions of all the spheres

Sij (z, R") | a?Di; (z, R")
ui(x) = ug; + Z(Gﬂnafmuw) {_ . 87 ;47r77
1
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where 7 is the flow viscosity, f,; is a coefficient associated with the u-th
sphere contributions to the flow field. Obviously, F},; = 67 f,;uoja is the
force exerted by the u-th sphere in j direction [29]. The Eq. (7) includes the
well-known Rotne—Prager tensor [32]. It describes that the flow velocity in
1 direction at point x is generated by the forces in all directions exerted on
all spheres.

The Eq. (7) is used to iteratively calculate the flow field under no-slip
boundary condition on sphere surface [9]. Remember this Rotne-Prager
tensor is only valid for large values of r (i.e. 2a/r < 1), otherwise we need to
add more terms to the expansion. In fact, for widely separated spheres, the
no-slip boundary condition is weakened in the iterative calculations. Only
the centers of spheres, not all the surface elements of the colloidal spheres,
are required to satisfy the no-slip boundary conditions in our calculations,
and the results using this approximation show very good agreement with
the theoretical formula in the following. The idea behind these iterative
computational procedures is actually the reflection methods [33,34,35]. By
iterations, a series of corrections are applied to the flow field due to the
presence of suspended particles.

Once the necessary flow fields have been calculated, the total force ex-
erted by the fluid on all the spheres can be summed as F; = — ) u F,i. In
the following, a is the length unit, 6mnyuga is the force unit.

3. Hydrodynamic interactions between two identical spheres

Based on the above approximations, we consider two spheres with the
same radius ¢ in uniform creeping flow ug in Fig. 2. When the fluid flow
along the x direction, Fig. 2 shows the lift force (F,) perpendicular to the
flow direction and the drag force (F;) along the flow direction, respectively.
Although only two spheres in fluid, there is force component perpendicular
to the flow direction. The distance effect has different influences on the two
kinds of forces. For the lift force, it decreases gradually with the increasing
distance between them, and it is zero for sufficiently long distance. However,
the drag force increases with the increment of the distance, naturally, it
should be twice as much as the drag force, 6mnuga [29], of a single sphere
in the same uniform flow. Indeed, Fig. 2 (b) shows F, = 2 x 6mnugpa for
long enough distance, which indicates the very good matches between our
iterative results and the theoretical force formula.

An important property of the hydrodynamic interactions is directional
anisotropy [36]. In order to analyze the influences on the lift force and drag
force of the different orientations of the connection lines between two spheres,
we change positions of the two spheres along the dashed white line circle to
keep the middle point of the line connecting centers of the two spheres at
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Fig.2. The lift force F, (a) and drag force F, (b) on two spheres exerted by the
uniform flow ug for different distances r and angles 6. r is the distance between
two spheres’ centers, and ranges from 10 to 40. 6 is the angle between the flow
direction and the connection line between two spheres. The flow is along the +x
direction and ug = 1. The two solid white circles denote two spheres with the same
radius a. The dashed white line circle with a radius of 6 will be used to explore
the relation of drag force and lift force to 6 in Fig. 3.

the origin of the coordinate system in Fig. 2. The distance r = 12 (i.e., the
circle’s radius is 6). The corresponding lift force and drag force profiles as
functions of angle 6 are plotted in Fig. 3. The lift force can be along with
either +y direction or —y direction. Seen from Fig. 2 (a) and Fig. 3 (a), it
gets the maximum value at 8 = 45° and 225° in the —y direction, and the
maximum value at § = 135° and 315° in the +y direction. The drag force,
as is well known, is always along the flow direction. Seen from Fig. 2 (b)
and Fig. 3 (b), it has the maximum value at # = 90° and 270°, the minimum
value at 8 = 0° and 180°.

The dependences of the lift force and drag force on distance r and angle
can be fitted by the following formula

in 26
Fy(r,0) = —0.663S1r; : (8a)
2.105 20
Fy(r,0) =2 - == - 0.663C0i . (8b)

The dashed lines in Fig. 3 show the fitted results using the above formula at
distance r = 12, which is corresponding to the dashed line circle in Fig. 2.
It is shown that the fitted formula match well with the calculated results.
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Fig. 3. The dependences of lift force F, (a) and drag force F, (b) on 6 for the fixed
distance r = 12, which corresponds to the dashed line circle in Fig. 2. The solid
lines are calculated results and the dashed lines are fitted results using Eq. (8).

4. Conclusions

For low Reynolds number of flow, directly from the exact fluid velocity
formula of uniform flow past a sphere, we have given a new, simpler and
perhaps optimized derivation of the Rotne-Prager tensor to describe the
hydrodynamic interactions between particles.

For the hydrodynamics of two identical spheres in uniform flow, we have
given the more detailed results about the lift force and drag force profiles
for different distances and direction angles of their connection lines, further-
more, given the fitted analytical force formula. The lift force can be along
with either +y direction or —y direction depending on different angles 6.
The results of lift force here provide the fundamental physical reasons to the
chiral objects separation phenomenon in shear flow.

In the iterative computation procedures, we well simplify the no-slip
boundary conditions on all surface elements of sphere by one point of sphere
center. Our computational results show good agreement with theoretical
formula. It should be kept in mind that this approximation works pretty
well only for particle distances larger than r = 3a [9]. Based on the current
methods, it is naturally extended to formulate the real rigid chiral objects,
which is currently underway.

The treatment of hydrodynamics under the framework of the Oseen or
Rotne—Prager tensors is appropriate for dilute systems capturing only the
far-field, pairwise hydrodynamic effects. However, in crowded biological
systems and colloidal environments, the many-body hydrodynamic interac-
tions [19] and lubrication forces may play a significant role in diffusion.



118 QIYI ZHANG, XUN XIANG

REFERENCES

[1] B. Cichocki et al., J. Chem. Phys. 100, 3780 (1994).

[2] A.T. Chwang, T. Yao-Tsu Wu, J. Fluid Mech. 67, 787 (1975).

[3] B.U. Felderhof, Physica A 89, 373 (1977).

[4] R.B. Jones, Physica A 92, 571 (1978).

[5] P. Mazur, W. van Saarlos, Physica A 115, 21 (1982).

[6] G.D.J. Phillies, J. Chem. Phys. 81, 4046 (1984).

[7] P. Mazur, Faraday Discuss. Chem. Soc. 83, 33 (1987).

[8] B. Carrasco, J. Garcia de la Torre, J. Chem. Phys. 111, 4817 (1999).

[9] M. Manghi, X. Schlagberger, Y.-W. Kim, R.R. Netz, Soft Matter 2, 653
(2006).

[10] S. Jung, Phys. Fluids 19, 103105 (2007).

[11] H. Wada, R.R. Netz, Phys. Rev. Lett. 99, 108102 (2007).

[12] H. Wada, R.R. Netz, Phys. Rev. E80, 021921 (2009).

[13] J. Yang, C.W. Wolgemuth, G. Huber, Phys. Rev. Lett. 102, 218102 (2009).

[14] Marcos, H.C. Fu, T.R. Powers, R. Stocker, Phys. Rev. Lett. 102, 158103
(2009).

[15] M. Makino, M. Doi, Phys. Fluids 17, 103605 (2005).

[16] A.G. Bailey, C.P. Lowe, I. Pagonabarraga, M.C. Lagomarsino, Phys. Rev.
E80, 046707 (2009).

[17] B.U. Felderhof, Physica A 151, 1 (1988).

[18] I.T. Pierikowska, Physica A 297, 13 (2001).

[19] 1. Pierikowska, Physica A 333, 17 (2004).

20] K. Ichiki, J. Fluid Mech. 452, 231 (2002).

[21] N.J. Wagner, J.F. Brady, Phys. Today 62, 27 (2009).

[22] P.M. Adler, J. Colloid Interface Sci. 84, 461 (1981).

[23] S. Haber, H. Brenner, Int. J. Multiphase Flow 25, 1009 (1999).
[24] A.K. Pietal, Int. J. Eng. Sci. 38, 309 (2000).

[25] R. Folkersma, H.N. Stein, F.N. van de Vosse, Int. J. Multiphase Flow 26,
877 (2000).

[26] B. Cichocki, M.L.E. Jezewska, G. Néagele, E. Wajnryb, Furophys. Lett. 67,
383 (2004).

[27] W. Huang, H. Li, Y. Xu, G. Lian, Chem. Eng. Sci. 61, 1480 (2006).
[28] P. Chen, C.-H. Chao, Phys. Fluids 19, 017108 (2007).

[29] D.C. Prieve, A Course in Fluid Mechanics with Vector Field Theory,
Pittsburgh, PA, 2000.

[30] J. Happel, H. Brenner, Low Reynolds Number Hydrodynamics with Special
Applications to Particulate Media, Prentice-Hall, Englewood Cliff, NJ, 1965.

[31] M. Kim, T.R. Powers, Phys. Rev. E69, 061910 (2004).


http://dx.doi.org/10.1063/1.466366
http://dx.doi.org/10.1017/S0022112075000614
http://dx.doi.org/10.1016/0378-4371(77)90111-X
http://dx.doi.org/10.1016/0378-4371(78)90152-8
http://dx.doi.org/10.1016/0378-4371(82)90127-3
http://dx.doi.org/10.1063/1.448148
http://dx.doi.org/10.1039/dc9878300033
http://dx.doi.org/10.1063/1.479743
http://dx.doi.org/10.1063/1.2800287
http://dx.doi.org/10.1103/PhysRevLett.99.108102
http://dx.doi.org/10.1103/PhysRevE.80.021921
http://dx.doi.org/10.1103/PhysRevLett.102.218102
http://dx.doi.org/10.1103/PhysRevLett.102.158103
http://dx.doi.org/10.1103/PhysRevLett.102.158103
http://dx.doi.org/10.1063/1.2107867
http://dx.doi.org/10.1103/PhysRevE.80.046707
http://dx.doi.org/10.1103/PhysRevE.80.046707
http://dx.doi.org/10.1016/0378-4371(88)90036-2
http://dx.doi.org/10.1016/S0378-4371(01)00172-8
http://dx.doi.org/10.1016/j.physa.2003.09.063
http://dx.doi.org/10.1016/0021-9797(81)90237-X
http://dx.doi.org/10.1016/S0301-9322(99)00039-7
http://dx.doi.org/10.1016/S0020-7225(99)00023-3
http://dx.doi.org/10.1016/S0301-9322(99)00067-1
http://dx.doi.org/10.1016/S0301-9322(99)00067-1
http://dx.doi.org/10.1209/epl/i2004-10077-9
http://dx.doi.org/10.1209/epl/i2004-10077-9
http://dx.doi.org/10.1063/1.2428249
http://dx.doi.org/10.1103/PhysRevE.69.061910

A Simple Derivation of Rotne—Prager Tensor and Hydrodynamic . . . 119

[32] J. Rotne, S. Prager, J. Chem. Phys. 50, 4831 (1969).

[33] J.K.G. Dhont, An Introduction to Dynamics of Colloids, Elsevier,
Amsterdam 1996.

[34] R. Schmitz, B.U. Felderhof, Physica A 116, 163 (1982).
[35] R.B. Jones, Physica A 92, 545 (1978).
[36] E. Lauga, T.R. Powers, Rep. Prog. Phys. 72, 096601 (2009).


http://dx.doi.org/10.1063/1.1670977
http://dx.doi.org/10.1016/0378-4371(82)90236-9
http://dx.doi.org/10.1016/0378-4371(78)90150-4
http://dx.doi.org/10.1088/0034-4885/72/9/096601

	1 Introduction
	2 A simple derivation of Rotne--Prager tensor
	3 Hydrodynamic interactions between two identical spheres
	4 Conclusions

