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Abstract

In this paper we derive high-order asymptotic expansions of the effective viscos-
ity properties of a dilute periodic suspension composed of freely-suspended arbitrarily
shaped particles dispersed in an incompressible Newtonian fluid. High-order terms are
not only function of the viscous moment tensor but also of a distortion tensor that
characterizes the periodic array.
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1 Introduction

In this paper we consider the derivation of macroscale properties of a dilute suspension
composed of identical arbitrarily shaped viscous particles dispersed in an incompressible
Newtonian fluid from knowledge of its microscopic properties. This problem becomes in-
creasingly important in chemical engineering, polymer science, and biophysics. Analytic
calculations of the macroscale properties can be performed for only a limited number of
shapes and calculations for bodies of complex shape have required approximation.

In this paper we derive high-order asymptotic expansions of the effective and the intrinsic
viscosities of the suspension in the dilute limit in terms of the volume fraction occupied by
the particles and their viscous moment tensor. Our derivations follow the layer-potential
approach developed in [10, 6, 8, 4] and are valid even when the viscosity of the particles
differs significantly from that of the fluid. The concept of viscous moment tensor has been
introduced in [3] in connection with small volume expansions for the solution to the modified
Stokes system.

The effective viscosity of a suspension is defined to be the four-tensor that relates the
average stress to the average rate of strain [31]. We determine the effective viscosity of
a periodic array of particles in an incompressible Newtonian fluid. High-order asymptotic
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expansions for low concentrations are obtained for particles of arbitrary shape. These ex-
pansions are written in terms of the volume fraction occupied by the particles and their
viscous moment tensor.

The effective scalar viscosity is obtained from the effective viscosity tensor after an an-
gular averaging. The derivative the the effective scalar viscosity with respect to the volume
fraction is called the intrinsic viscosity [17, 19, 21, 30]. It is invariant under suspension ro-
tation. The mixture of randomly orientated particles behaves as a Newtonian viscous fluid
with viscosity equals the effective scalar viscosity of a periodic suspension of the same parti-
cles. If in the expansions of the effective scalar viscosity we take spherical particles and their
viscosity goes to 400 with the ambient viscosity fixed, we find the limiting case of a suspen-
sion of rigid spherical particles and the first-order approximation of the effective viscosity of
the mixture is found to be in agreement with the Einstein formula. A justification of the an-
alyticity of the effective scalar viscosity in the volume fraction together with the high-order
asymptotic expansions derived in this paper would suggest that introducing Padé approxi-
mations would yield a very accurate algorithm for computing the effective scalar viscosity of
suspensions of arbitrarily shaped particles for higher concentrations. The implementation
of this algorithm is under consideration and numerical results will be reported elsewhere.
In this connection, we refer to [16, 12] for empirical formulae which describe the effective
scalar viscosity of a suspension of spherical particles as a function of its volume fraction by
extrapolating the Einstein formula to higher concentrations.

The problem considered in this paper has a quite long history. Einstein [20], as part of his
investigation of the molecular nature of the matter, first calculated the first-order expansion
of the effective scalar viscosity of a dilute hard sphere suspension. Rayleigh [33], Goodier
[22], and Hill and Power [23] pointed out a fundamental analogy between the hydrodynamics
of suspensions and the elastostatics of incompressible solids with rigid inclusions. This
implies that Einstein’s expansion also approximates the effective shear modulus of a quasi-
incompressible elastic medium containing stiff inclusions at low concentration. We shall
revisit this analogy in this paper. Lévy and Sanchez-Palencia [28, formula (2.31)] obtained
the first-term in the asymptotic expansion of the effective viscosity tensor for particles
of arbitrary shape. Their derivations are based on the general homogenization method
developed in [32]. See also the papers by Almog and Brenner [1, 2]. Douglas and Friedman
observed an interesting relation between hydrodynamics and electrostatic problems [17].
Batchelor and Green [11] obtained the second-order term in the effective viscosity of a
suspension of spherical particles.

One of the reasons of the limited progress in calculating high-order approximations of
the effective scalar viscosity of a suspension is the surprising difficulty in solving not only the
transmission problem but also the Dirichlet problem for the Stokes system with particles of
general shape. Having in hands the concept of viscous moment tensor together with earlier
derivations based on layer-potential techniques of high-order expansions of the effective
properties of dilute elastic composites, it becomes now possible to solve this problem and
find in a simple and systematic way high-order approximations to the effective viscosity
properties of a suspension of viscous particles in terms of their volume fraction.

Indeed, our main contribution in this paper is to rigorously derive higher-order approxi-
mations of the effective viscosity of dilute suspensions of particles with arbitrary shape and
viscosity. Our expansions are in terms of the viscosity moment tensor, a notion that has
been recently introduced in [3]. The viscosity moment tensor is the limit of the shear part
of the elastic moment tensor as the compression modulus goes to +o0o. This has allowed us



to relate these calculations to previous ones on estimating effective properties of electrical
conductive and elastic composites. We refer to our recent paper [3] for the derivation of
some useful relations between the effective viscosity properties, the effective shear modulus,
and the effective conductivity of a dilute suspension. High-order terms in our formulae are
not only function of the viscous moment tensor, which is a function of the shape and the
viscosity of the particle, but also of a distortion tensor that characterizes the periodic array.

The paper is organized as follows. We first recall the definition and useful properties
of the elastic moment tensor. Section 3 is devoted to explanation of the notion of viscous
moment tensor. In section 4 we provide explicit formulae for the viscous moment tensor
for ellipses and ellipsoids and give the corresponding formulae for the intrinsic viscosity. In
section 5 we present the derivation of the effective properties of periodic dilute two-phase
elastic composites in terms of the elastic moment tensor and the volume fraction occupied by
the inclusions in the three-dimensional case. Using the analogy between the hydrodynamics
of suspensions and the elastostatics of incompressible solids with rigid inclusions, asymptotic
expansions of the effective viscosity tensor for low concentrations can be derived from those
for an elastic composite. However, using exactly the same approach as in [8], a more direct
derivation of such expansions can be easily written down. This approach is briefly described
in this paper and the main modifications to the arguments given in [8] are provided.

2 The elastic moment tensor

In this section we recall the definition and properties of the elastic moment tensor (EMT)
which was first introduced in [9] in connection with the inverse problem of detecting small
elastic inclusions from boundary measurements.

Let B be a bounded Lipschitz domain in R¢, d = 2 or 3. Suppose that B and R%\ B are
the elastic bodies with the Lamé constants (A, u) and (X, 1), respectively. The elastostatic
system corresponding to the Lamé constants (A, ) is defined by

Ly pu:=pAu+ (A+p)VV -,

and the corresponding traction du/0v on 9B is defined to be

0

égzxwth+MmemﬂN on 9B, (2.1)
where N is the outward unit normal to dB. Those corresponding to (X, i) are denoted by
Ei,ﬁ and %

For p,q=1,...,d, let wyq be the solution to
Ly, Wp, =0 inRY\ B,

ﬁxﬁwpq =0 in B,

Wpg|_ = Wpg|, on OB, (2.2)
Bwﬁ,q _ OW g n OB,
ov o |,

Wpq(2) = zpeq = O(lz]'™7) as |a] — +oo,



where the subscripts + and — indicate the limits from outside and inside of B, respectively.
Here and throughout this paper, (ey,...,eq) denotes the standard basis for R?. The elastic
moment tensor M = (m;;pq) associated with the domain B and the pairs of Lamé parameters

(A, A 1, i) is defined by

Mijpqg = /03 { 8((%5]) + 3(353) “Wpedo, i,7,p,q=1,...,d. (2.3)

The notion of the EMT occurs naturally in various contexts such in asymptotic expan-
sions of the perturbation of the displacement vector due to the presence of small elastic
inclusions [9] and in the effective elastic moduli of dilute periodic composites [8]. The EMT
enjoys several important properties: It is known that the EMT M = (m;jpq) has the follow-
ing symmetry:

Mijpg = Mpgij = Mapij = Mpgjis 65,04 =1,...,d, (2.4)
which allows us to identify the EMT with a symmetric linear transformation on the space
of symmetric d X d matrices. It also has a property of positivity (positive or negative
definiteness). For the proofs of these properties we refer to [9, 4]. It is worth mentioning
that these properties allow the EMT to be an (anisotropic) elasticity tensor after taking a
proper sign.

3 The viscous moment tensor

In this section we review the notion of viscous moment tensor (VMT) which was introduced
for the asymptotic expansion of the solution to the Stokes system [3]. While the notion
of EMT corresponds to the Lamé system, that of VMT corresponds to the Stokes system.
Since the Stokes system is a limiting case (A, A\ — +00) of the Lamé system, it is natural to
realize the VMT as a limit of the EMT, and the VMT inherits all the important properties
of EMT.

Suppose that the particle B has the (scalar) viscosity 7z while the ambient fluid R? \ B
has p. For x € RY, let d(z) := ézk zier and let vpq, p,g =1,...,d, be the solution to the
following transmission problem for the Stokes system:

pAV,, +Vp=0 in R\ B,
AV, +Vp=0 1in B,

Vpgl— — Vpgl+ =0 on 0B,
(N+~av”‘1) (pN + aV”") =0 oB
PRETISN| T T N| T e (3.1)

V-vp, =0 inR%

Vpq(T) — Tpeq + Opgd(z) = O(|z[*=%) as |z| — o0,

p(x) = O(jz|~%) as |z — +oo,

where the conormal derivative g—l‘\} is given by
ov T
N = (Vv + Vv )N, (3.2)



and 0,4 is the Kronecker’s delta. Since z,e, — dpqd(z) is divergence free, there is a unique
solution to (3.1). The VMT V = (vijpq)i.jp.q=1,...,d associated with the particle B and the
viscosity pair (u, i) is defined by

Vijpa = (i — 1) /B Vvt (V(zie;) + V(aie;)T) dr. (3.3)

It is helpful to notice the similarity between the definitions (3.3) and (2.3). Note that we
have used the standard notation of the contraction: For matrices a = (a;;) and b = (b;5),
a:b= Zi,j aijbij.

Let w,q and v, be the solutions to (2.2) and (3.1), respectively. We have proved in [3]
that

Vpg = lim (w w 3.4
Pq A X 00 2 Z kk) (3.4)

in a proper (locally) H'-norm where the limit is taken under the assumption that /\/X =
O(1). (H! standing for the usual Sobolev space of order one).
In particular, the following convergence holds:

Opg
\Y (qu — Wpq + 0 Z Wkk)

k

—0 as A\, A — +oo. (3.5)
L2 (R4)

The relation (3.4) basically says that the solution to the Stokes system is the limit of the
solution to the Lamé system. When p = ¢, the correction on the right-hand side (3.4) is
required since wp,, is not divergence free. Since

. 5‘(wiej) + 3(xiej)
ov ov

it follows from the divergence theorem that

d(zie;)

=\ =NV (zie;) N+ (i — ) IN

Mijpq — kakpq (- M)/BVqu :(V(zie; — 0ijd(x)) + V(zje; — 6i5d(x))T). (3.6)

Combining (3.4) and (3.6), we immediately get

d
Vijpqg = ~11Hl Mijpq — Fj Z Mkkpq — Zmz]ss + ” pq Z Mkkss (37)
AA— 400 k=1 k,s=1
for i,5,p,q=1,...,d, as was done in [3]. The limit is still taken under the assumption that
A/A=0().

Formula (3.7) can be written in a condensed form: Let P = (P ,q) be the orthogonal
projection from the space of symmetric d x d matrices onto the space of symmetric matrices
of trace zero, i.e.,

1 1
Pijpq = 5(5ip§jq + 0ig0jp) — Eéijépq' (3.8)
Then (3.7) is equivalent to
V= lim PMP. (3.9)
A A——+oo

The following properties of the VMT are inherited from those of the EMT and (3.9).



Theorem 3.1 (1) Vijpq = Upqij = Vqpij = Upqji fO?” i,j,p, q = 1, sy d.
(i) >°, vigpp = 0 for alli,j and 3=, viipg = 0 for all p,q, or equivalently V = PV P.
(iii) V s positive (negative, resp.) definite on the space of symmetric matrices of trace zero
if > p (B <p, resp.)

Let us now derive a rotation formula for the VMT which might be useful in dealing
with suspensions of Brownian particles [21]. Let R be a unitary transformation and let
B = R(B). We seek a relation between the VMT V of B and the VMT V of B.

Let X be the space of d x d symmetric matrices of trace zero. Then Theorem 3.1 says
that V is a nonsingular symmetric linear transformation on X. Let d* = @ — 1. There
are eigen-matrices Aq, ..., Ay« such that

.
V=> A;®A; (3.10)
j=1

The following lemma holds.

Lemma 3.2 Let B = R(B), where R is a unitary transformation. Let V and V be the
VMTs associated with B and B, respectively, and the same viscosity . We have

-
V => RA;R" ® RA;R", (3.11)
j=1

where Aj,j =1,...,d", are defined by (3.10).
Since (3.11) holds for EMTs (see [9, 4]), (3.11) for VMTs follows from (3.9).

4 VMT and the intrinsic viscosity for ellipses and ellip-
soids

We now write down the VMTs for ellipses and ellipsoids. In [7], EMTs for ellipses and
ellipsoids are computed explicitly using a layer potential technique. Thus using (3.9), we
can calculate the corresponding VMTs. If B is an ellipse of the form

i

a3
then the VMT for B is given by
2p( — p)
V1111 = V2222 = —V1122 = —V2211 = \B| p = )
p+ o= (= p)m?2
20 il —
V1212 = V2112 = V1221 = V2121 = |B| u(,u M) (4'2)

i+ (i — pym?
the remaining terms are zero,

a—b
a+b"’

where the volume of B, |B| = mab and m =



If B is a ball in three dimensions, we can find the VMT for any p :

20u|B| n— 10ulBl 10—
Visii = 0”' |67M7 Viijj = — OM |/ii,“ (Z 7& j)7
3 2u+3up 3 2u+3u
il 4.
Vijij = Vijji = 5MIB|2ﬁ+ e (i # ), (4.3)

the remaining terms are zero.

The VMT for ellipsoids can be computed from the EMT computed in [7], but the formula
involves too many terms to be written down. Instead, we write down the VMT for ellipsoids
when 1 = 400, which means that the viscosity of the particle is infinite and hence the
particle is solid. Before writing down the formula for the VMT, let us briefly mention about
the transmission conditions (the third and fourth equations in (3.1)) when & = +oo. In this
case, the fourth condition in (3.1) becomes 8(;’151‘7 |- =0, and hence vpy =a x z+ b in B for
some constant vectors a and b. Then by the third equation, we have the following boundary
condition for the exterior problem:

Vpg=axz+b ondB. (4.4)
Suppose that B is an ellipsoid given by
2 2 2
x z
S+5+5=1,
ar Gz ag
and its viscosity g = +o0. Let, for ¢, =1,...,d,
ayazag(ai + a?) /+°° ds
S = -2 ,
Y 2 o (af +s)(af +5)g(s)
20 (a? + 5)sds
ti = a1a2a3/ R
' 0 lg(s)]*

where g(s) = \/(a? + s)(a? + s)(aZ + s). Then the VMT for B is given by
4‘LL|B| (tl + tQ + tg) + 3ti

Vigii = ,
9 tite + tits + tats
2177 9 tth + t1t3 + t2t3 ) y (4'5)

vijij = vijji = —pl Bls;;', i # g,

the remaining terms are zero.

We note that formula (4.5) was also obtained in [13].

Before completing this section, let us compute the intrinsic viscosity. We denote the
intrinsic viscosity by [u]p ;i to signify its dependence on B and pi. When i = 400, we
simply denote it by [p]p. The definition of the intrinsic viscosity will be given in the last
section where we compute the intrinsic viscosity of a dilute suspension of particles. Our
computation will show that

tr(V)

] = 30(P) (4.6)



where V is the VMT associated with B (and p, ). Recall that tr(C) for a 4-tensor C =
(Cijpqg) is given by tr(C) = szzl Cijij- Note that tr(P) = 2 in two dimensions and
tr(P) = 5 in three dimensions.

Assuming |B| = 1, we obtain the following list of intrinsic viscosities from (4.2), (4.5),
and (4.3).

e If B is an ellipse:

o pE =) ()
A T 47)

In particular,

1
=—. 4.
Wl = (4.8)
e If B is an ellipsoid:
w8 ti+ta+ts 1
= (= — — . 4.9
[M]B 10 |3 t1t2 + tltg + t2t3 z;é; Sij ( )
o If B is a ball: _
H— i
S =y 4.10
o = Sn5e b (4.10)
In particular,
Op
(s = - (4.11)

Note that the intrinsic viscosity for a spherical particle (4.11) coincides with the one derived
by Einstein [20]. We also note that there is discrepancy between (4.8) and the one derived
in [17]. This discrepancy occurs because in [17] the Brownian motion effect is included and
hence the boundary condition is set to be zero instead of (4.4), which is the correct one.

5 Effective elasticity tensor

In this section we consider the effective property of a periodic elastic dilute composite, which
was obtained for two dimensions in [8]. We derive a similar formula for three dimensions
using the same method as in the afore mentioned paper. We will be brief and only indicate
main differences.

The periodic structure is given by the unit cell Y =] — 1/2,1/2[? and the inclusion
D = pB, where B is a reference Lipschitz bounded domain containing 0 whose volume, |B|,
is 1. Denote f = p? the volume fraction of the inclusion. Suppose that both D and Y'\ D are
isotropic whose Lamé constants are (X 1) and (A, u), respectively. So, the elasticity tensor
for Y\ D and D are given by C and C", respectively, where

Ciiny = Mij0rt + p(Sidj + dud),
Cijnl = Xéijfskl + 11(8ir 651 + 03101 ).
Moreover, the elasticity tensor C' for the composite is periodic with the periodic cell Y and

given on Y by ~
C =C% (Y \ D)+ Cx(D). (5.1)



where x (D) is the characteristic function of D.

We consider the problem of determining the effective elastic properties of the composite
with the elasticity tensor C(z/€) as € — 0. The effective property is defined as follows: Let
wi be the solution to the following equation:

V- (C&EwW)) =0 inY,
W — Tpe; s periodic, (5.2)

/ (W”C — xkel)dx = 0,
Y

where €(wy,) = 2(Vwy, + Vwy, 7). The effective elasticity tensor C* = (Cfipg) is then
defined by (see, for example, [27])

Ci*qu = /};(Cg(wl]))qux7 iajvpaq = 17~ . 7d- (53)

In [8], the following asymptotic expansion of the effective elasticity tensor in two dimen-
sions was derived:

C*=C%4 fM(I — fS°M)™t + O(f3), (5.4)
where M is the EMT associated with B and S¢ = (57};,) is a 4-tensor given by
STi11 = S329 = Ce + ¥7 STia2 = 53211 = —Ce,
2(N+2p)
e e e (& 1
STo12 = SToa1 = 53121 = S3112 = —Ce + E, (5'5>
the other entries are zero.
Here ¢, is a constant given by
)‘+/1’ 21t ) 400 n26727rn +oo nef27rn
e=———| = +16 — = —38 — . 5.6
© 4u()\+2u)(3 o ;(1—6—%”)2 ”;1—6—% (5.6)

The tensor S¢, which we call the array tensor, is of particular interest. The superscript e
is to emphasize its role in elasticity. We will make some remark on S€¢ at the end of this
section. !

We now extend (5.4) to the three-dimensional case. Since the procedure of derivation of
the three-dimensional formula is identical to the two dimensional case except the analysis
for the periodic Green function, we will make an expansion of the periodic Green function
and then write down the final formula for the effective elasticity tensor without details of
derivation. One is referred to [8] for details of the derivation.

If we define G = (Gpq)p.g=1,2,3 by

1 1) A4 npn -
G — _ _pq r"q 2mn-xT 5.7
nl®) = Z\{ rEA AT R 57)

Tt should be noted that the sign for S in [8] is incorrect and the array tensor in this paper has the sign
opposite to that in [8].



then G is periodic and satisfies
Ly, G(z) = Z So(z+n)I -1, xcR3. (5.8)
n€ezs
The following lemma was obtained in [26] using Ewald’s technique.

Lemma 5.1 Let us define

g - l Z ei27rn~a: (5 9)
1 — T |n|2 ) .
n€Z3\0
1 ei2ﬂ'n-w
- _ 1
S A3 Z n|* (5.10)
n€Z3\0
Then
1 2
Si= — —e1 + 2l + O(lz]*), (5.11)
Ed 3
x c T
Sy = %—027é|x|2+%\z|4+0(|z|6). (5.12)
for some constant ¢y, co.
Since 5 At
Gpg=—-21g +_2TH 558 5.13
Pq dmu 1 47TM()\+2M) PYq02; ( )
we have the following lemma.
Lemma 5.2 There exists a smooth function R such that
G(z)=T(z)+R(z), zeY.
The function R = (Ryq), p,q = 1,2,3, has the following Taylor expansion at 0
= ————|2|%§ Y S — . 14
Ryq(2) = Rpq(0) 30#(/\+2M)|x| pg T 15/1()\—&—2/1)%7% + O(|z[*) (5.14)

Using the above lemma, we can follow the same process as in the derivation of (5.4) in
[8] to obtain the following theorem.

Theorem 5.3 Let S¢ = (55;;,) be the 4-tensor given by

e 2X+Tu
. A+ . 3\ +8 .
_ _ u 4 (5.15)

W Ttz T S 2
the other entries are zero.
Then the following asymptotic expansion for the effective elasticity tensor C* holds
C*=C%+ fM(I — fS°M)™" + O(f3). (5.16)
where M is the EMT associated with B.

10



We now make some important remarks on formulae (5.4) and (5.16).

(i)

(iii)

The array tensor S¢ is derived as follows: Let G be the periodic Green function for
the Lamé system. If

G(z)—T(x) =c— Y ajprizie, ® e, + O(|z|*) (5.17)
,5,0,9
in a neighborhood of 0 where a;;,q = @jipq, then S¢ is given by
1
Sijit = 5 (aipjq + aigjp + ajpiq + ajqip)- (5.18)

Thus S°¢ is independent of the inclusion. If other kind of periodic structure or array,
other than the orthogonal square or cubic array we are dealing with in this paper,
then the periodic Green function G is different and hence S¢ will be different. This is
why we have called it the array tensor.

The formula (5.4) and (5.16) can be written as

2(d+1)

C*=C%4 fM + f2MS°M+0O(f 2 ). (5.19)

This formula shows that the first-order term is independent of the periodic structure
and depending only on the single particle. On the other hand, the second-order term
depends on both the particle and the periodic structure and the term M S¢M yields a
clear decomposition of this dependency.

If A — 400, then S° converges to SY where in two dimensions

1
i = Coy  Siij; = —Cuy  Siji; = —Co+ —, 1F#],
JJ Jij 4 (5.20)
the other entries are zero.
with N N
1 o7 ) o0 n2672ﬂ'n oy nef27rn
=1 (3 +16m ) Ty 8y T ) (5.21)
n=1 n=1
and in three dimensions
2 1
L - 3
1118 15# 177 15M 1517 10# ? 7é J (522)

the other entries are zero.

The tensor SV will play the role of the array tensor for the effective viscosity ten-
sor which we will compute in the next section. It should be noted that }°,S%,, =
> St = 0 for all k, 1, which amount to saying

SV = PSYP. (5.23)

If A — 400, then the periodic Green function G defined by (5.7) converges to the
periodic Green function of the Stokes system given by Hasimoto in [26].

11



6 Effective viscosity tensor

In this section, we will derive an asymptotic formula for the effective viscosity properties
of the material containing a square or a cubic array of viscous particles occupying a small
volume fraction.

We first note that making use of remarks (iii) and (iv) in the previous section together
with the representations formulae for the solutions to the Stokes system provided in our
recent paper [3], we can easily derive, by following exactly the same arguments as those
developed in [8], the effective viscosity properties of the mixture. In this section, we rather
make use of the analogy between hydrodynamics and elasticity.

Let Y =] — %, %[d and D = pB, where B is a smooth bounded domain containing the
origin with the volume |B| = 1. We set i and p to be the viscosity of D and Y \ D,
respectively and extend it to the whole space periodically with the periodic cell Y, i.e.,

n:= ux(R*\ D#) + fix(D¥)

where D# :=J,,cza(D +n). Then we will consider the problem to determine the effective
viscous properties of the material with viscous constants n(x/¢) as € — 0.
We define the effective viscosity tensor to be the rate of the averaged viscous stress to
the averaged strain [31]: X
(o) = Ce). (6.1)

Since the stress and the strain are of trace zero, the fourth rank viscosity tensor can be
understood as an operator from the space of symmetric matrices of trace zero to itself,
which means that the viscosity tensors are not uniquely determined. This can be remedied
by posing the following restriction:

Cijrt = Cjira = Cojur. 4,4, k,1=1,...d,
A A 2
Z Ciit =0, chm =0, (6.2)
or equivalently, C = PCP.
For k,l=1,...,d, let vi; be the solution to
pAvy +Vp=0 inY \D,

AV +Vp=0 in D,

Vii|- = Vil =0 ondD,
vy Vel
(pN +M87N)|— - (pN +#67N)|+ =0 ondD, (6.3)

V'VMZO inY,

vii(z) — xrer + 0id(x), p(z) are periodic,

/ (Ve — @€, + Ogd(x))dz = 0.
Y

12



Lemma 6.1 Let wy; be the solution to (5.2). Then, we have

Ok
Wkl — 7 g Wi — Vil
i

— 0 as A\, X — 00 mmﬁzomy (6.4)
HL(Y)

Proof. Define e in Y by
1)
€ = Wypq — % Zwkk — Vpq-
k
By using (6.3) and (5.2) we have

Ly,e=Vp inY \ B,

Ex’ﬁe =Vp in B,

e’+ :eL on 0B,
Oe e
54_:% _+(p’+—p’_)N on 0B

e, p are periodic,

/edsz.
Y

Using integration by parts we obtain the following energy identity:

[ X\ B) 4 3BV e+ 5 [ Y\ B) + i(B)IVe+ (Vo) = [ 59 e
Y Y Y

Then _
inf(uvﬁ)HeH%ﬂ(y) +inf(A, A) |V - eH%z(y) < OV -ellr2y),

from which it follows that ) .
. <Cl|=-+=
IV -ell2 vy < ()\ + )\) ,
and therefore

1 1
inf ,N e2 SC<+~>7
(1, )| ||H1(Y) PR

as desired. This completes the proof. A O
Then the following asymptotic expansion for the effective viscosity tensor C' holds.

Theorem 6.2 Let f = p? and let SV be the array tensor given in (5.20) and (5.22). Then

2(d+1)

C=2uP+ fV+ VSV 4+0(f 7 ), (6.5)

where V is the VMT associated with B and the pair (u, jt).
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Proof. From the definition (6.1) of the effective viscosity tensor we obtain that

Y Y

By the periodicity of vi;(x) — xjef + 0xd(x), we have

1 1
/ S(Vlk) = / E(ZL’lek — 5kld($)) = 5(61 ®epter® el) - g[,
Y Y

which, combined with the condition (6.2), gives

cA\(z'jmn/ g(vlk)mndx = Cijkl~ (67)
Y
Because Tr€(vx) = 0, we also have

PCE(vik) = 2(n+ (1 — p)X(B))E(Vik). (6.8)
By (6.6), (6.7), and (6.8), we get

Cijkl:/(PCE(Vlk))ijdw.
Y

On the other hand, by (6.4), it follows that

/ (PCE(vig))ijdr = lim (ch <wlk — %’“ Zw>> de.
Y Y -
1 'Zj

)\,Xaoo

Therefore, from (5.3), we conclude that

C = lim PC*P. (6.9)

A, A—00
Using (5.19), (3.7), and the fact that PC? = 2uP we obtain (6.5). O
The quantity ;trlf(clj)) is called the effective scalar viscosity and denoted by p*. It is defined

as follows the angular averaging of the effective viscosity tensor C'. The scalar coefficient
w* is the viscosity of a Newtonian fluid that behaves as the mixture of randomly oriented
particles with shape B and viscosity p. It is then invariant under suspension rotation.

By taking the trace of identity (6.5) we get

(VS*V)
2tr(P)

2(d+1)
d

tr
+ f?

. tr(V)
% —u+f2t

(P +O(f

(6.10)

Formula (6.10) is our main contribution in this paper.

Note that in view of the property of positivity of the viscous moment tensor V' in Lemma
3.1, adding particles with higher viscosity than the one of the ambient fluid increases the
effective viscosity of the suspension while the addition of particles with lower viscosity par-
ticles decreases the overall viscosity properties of the fluid. Note also that the second-order

14



term in (6.10) depends on the array tensor SV, which means that the second-order correc-
tion would be different for other periodic arrays than the orthogonal square or cubic array
considered here.

The derivative the the effective scalar viscosity with respect to the volume fraction f is
called the intrinsic viscosity which we denoted by [u]p 5 or [1]p. One can now see that (4.6)
follows from (6.10).

Using the formula (4.2) and (4.5), one can explicitly compute the effective viscosity for
ellipses and ellipsoids. It is worth mentioning that the EMT for inclusions of general shape
can be computed numerically by solving certain boundary integral equations (see [4]). Then
one can compute the VMT using (3.9), and hence the effective viscosity tensor and the
intrinsic viscosity can be computed. We emphasize that this process works not only for the
solid particle (i = o), but also for the soft particles (i < 00)

Before concluding this paper, let us write down the formula for the effective scalar vis-
cosity when the inclusion is a ball. Using (4.3), (4.10), and (6.10), we have

~ ~ 2
* o= Hp [ p—p 2 8
SRS, Sl Wt ol (R il +O(f5). 6.11
pt=p M2M+3ﬂf 5 (2u+3u> f (f?) (6.11)
It should be noted that (6.11) holds for soft particles as well as solid ones. In particular, if
1t = 400, then

pr=p B o), (6.12)

Note that the first-order term (the intrinsic viscosity) in (6.12) was derived by Einstein [20]
while the second-order term seems to be new as far as we are aware of.

To conclude this paper, we point out that if the particles orient accordingly to a probabil-
ity distribution ¥(#) then, from Lemma 3.2 and formula (6.10), the effective scalar viscosity
of the suspension (say, to fix ideas, in the two-dimensional case) is given by

. f /27T R f2 /271' . R ,
= U ] v
W=t gy ), YORW) b+ s | WO)(VS V) df +O(f7),
where
A d*
Vo = 3" R(O)A,R(6)" © R(9)A;R(9)",
j=1
. cos —sinf ) L o
with R(0) = (Sin9 cos )’ o€ [0’27(]’ and A;,j=1,...,d*, givenby V = ijl Aj®Aj-

A similar formula holds in the three-dimensional case.
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