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The nature of the stress in a suspension of equal homogeneous spheres all subject to
the same force, such as weight, is considered; inertial effects are neglected. This study
builds upon some of the well-known work devoted to this problem by the founder
of the Journal of Fluid Mechanics, Professor George K. Batchelor. After developing
a general theory, the antisymmetric part of the stress tensor is considered in detail. It
is shown that, in addition to a term already found by Batchelor and characterized by
an axial vector, the antisymmetric stress contains another term characterized by the
curl of a polar vector. As a consequence, a suspension will possess, in addition to an
axial vortex viscosity, a polar vortex viscosity. Appendix C presents a calculation of
the hindrance function for rotation correct to the first order in the particle volume
fraction.

1. Introduction

Among the many influential papers that George K. Batchelor published in his
remarkable creation, the Journal of Fluid Mechanics, those devoted to the theory of
suspensions marked the beginning of a new era for this discipline. In his first paper on
this subject (Batchelor 1970), in open antithesis to the so-called axiomatic approach,
he provided a physically insightful derivation of the nature of the stress tensor
in a uniform suspension. Shortly thereafter, he presented a calculation of the first
correction to the settling speed of a particle in a suspension elegantly side-stepping
the convergence difficulties that had stumped earlier investigators (Batchelor 1972).
It is fitting on this anniversary to pay homage to this work which has inspired two
generations of researchers.

Batchelor focused on a spatially uniform system subject, in the first paper, to a
spatially uniform bulk velocity gradient. For spherical force-free particles suspended
in Stokes flow, he found that the stress consists of an isotropic contribution ‘of no
particular interest’, an antisymmetric term proportional to the external couple acting
on the particles, and a symmetric traceless component proportional to the rate of
strain of the volumetric flux. This permits the definition of an effective viscosity for
the suspension. The principal tool that he used in his analysis and, indeed, for all
his work on suspensions, was ensemble averaging, which he carefully converted to
volume averaging under the assumption of spatial uniformity.
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In this paper we re-examine the nature of the stress in a viscous suspension allowing
for the presence of forces, such as weight, acting on the particles. We neglect inertial
effects and consider only the case of equal homogeneous spherical particles. In the
first part of the paper (§§2 and 3) we present a general theory relaxing the assumption
of spatial uniformity made by Batchelor. In the second part of the paper (§§4-6) we
focus in particular on the antisymmetric part of the stress tensor. We recover a term,
characterized by an axial vector, already found by Batchelor, which essentially only
exists when the particles are subject to external couples. However we also prove the
existence of an additional term, characterized by a polar vector, as found by different
arguments in earlier work (Marchioro, Tanksley & Prosperetti 2000; Marchioro et al.
2001; Prosperetti 2004). Polar vectors change sign upon a space inversion X — —X;
examples are the position vector, velocity, and others. An axial vector, such as vorticity,
the moment of a force, and others, does not change sign upon a space inversion. The
polar term vanishes only in the special situation of a spatially uniform distribution of
particles, which seems to have been the only situation considered in the literature until
recently. Because of the existence of two distinct contributions to the antisymmetric
stress, a suspension will possess, in addition to an axial vortex viscosity (see e.g.
Condiff & Dahler 1964; Brenner 1970, 1984), a polar vortex viscosity.

In the next section, we show how an expression for the mixture stress expressed
solely in terms of the fluid stress can be derived; this step generalizes to the non-
uniform case the procedure introduced by Batchelor (1970). Then (§3) we use some
results of group theory to decompose this expression into an isotropic, a symmetric,
and an antisymmetric component. In the second part of the paper we focus on the
antisymmetric component, giving an analytic closure valid to second order in the
volume fraction (§4), a numerical closure for the dense case (§5), and providing
an intuitive physical interpretation of the results and of their implications (§6). A
summary is given in § 7. Appendix C presents a calculation of the hindrance function
for rotation correct to the first order in the particle volume fraction.

2. The total stress

While it is easy to write a formal expression for the mixture stress that involves the
particle internal stress, such an expression is inconvenient as further progress requires
consideration of the internal dynamics of the particles. A more useful description
would involve only the stress in the fluid, with the particles considered as rigid entities
without regard to the mechanics of their interior. Batchelor (1970) dealt with this issue
by using the ergodicity property derived from his assumption of spatial homogeneity
and a simple identity. In the present non-uniform case, his procedure must be suitably
generalized, which is the purpose of this section.

We consider a suspension of N equal solid spheres of radius @ in an incompressible
viscous fluid. Under conditions of negligible inertia, the equation of motion at each
point in the medium is

Veorp—Vyrp =0, (2.1)

where o is the stress tensor in the fluid (index F) or the particle material (index
P) and ¢ the deterministic potential of the respective body force. Upon taking an
ensemble average, indicated by angle brackets, we have

B{V-op)—BVYp =0, (1=B)V-0r) —(1—=B)V¥Fr =0, (22)

where B is the particle volume fraction.
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Upon adding the equation for each phase and using the continuity of the normal
stress at the particle surface, we havet (see e.g. Zhang & Prosperetti 1994, 1997)

V[ =B)or) + Blop)] = (1—B)Vyr + BV (2.3)

where, with Batchelor’s (1972) definition of ensemble averaging,
1
Blor) =y [ €€ P xplxi o (x4, (24)

Here P(%") is the probability density of finding, in the realizations of the ensemble, the
particle centers in the configuration €~ = y!, y?, ..., y". The characteristic function
of the particle phase, equal to 1 when the point X is inside a particle and 0 otherwise,
is denoted by xp(x|%") and o p(X|%") is the stress at X when the N particles have
the configuration ¥~. We explicitly note that we make no assumption of statistical
spatial uniformity on P.

For equal spheres, the characteristic function can be written as xp = Z;V:l H(a —
[X — y¥|) so that

2
B(X) = / dra(x +r1) = (1 + %Vz +-- ) (nv) (2.5)

where v = %ncﬁ is the particle volume and it has been assumed that the spatial scale

of variation of the local number density n is much greater than the particle radius a;
n is defined by

n(x) = ;,/ 4" p(&")

N 1
;S(x—y‘*)] z(N_l)!/dyz---dyNP(x, VoY),

(2.6)

In the continuum limit, in which the particle radius is much smaller than the
macroscopic scale L, f=nv + O(a’/L?). We note for future reference that a
generalization of the definition (2.6) to the average g of a generic quantity g pertaining
to an entire particle is

n(x)g(x) = ;'/ de™ P(&")

D g s(x — y”)} : (2.7)
a=1

This particle average of g at a point X is therefore the average of the values of
g taken over all the realizations of the ensemble for which there is a particle centred
at X.

In order to eliminate the stress in the particles from the exact expression (2.3),
Batchelor (1970) wrote

1

N
ﬂ(ap)=‘1/2/ a‘}‘,dV"‘=VZ [a/(ap-n)ndS—a/ (V-orp)ndv} (2.8)
et J . » Ve

with V the volume of the system, $* and V* the surface and volume of particle «,
and n the outward unit normal. He then used the continuity of normal stresses at
the particle surface to replace op-Nn by or-n in the first integral and the particle

+ When B(V-op) is expressed in terms of V-(B(gp)), a term o p-n localized at the particle
surface arises, which is an internal force for the suspension as a whole and is cancelled by an equal
term derived from the same transformation operated upon (1 — B)(V-o r).
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material momentum equation to relate the integrand in the last integral to the particle
acceleration. In the second part of his paper, in order to derive specific expressions,
he dropped the last term, neglecting inertia and considering force-free particles. In
the general case of non-uniform suspensions, one cannot use ergodicity to calculate
the ensemble average and it is necessary to proceed differently.

It is intuitively clear (and it is readily rigorously shown, see e.g. Prosperetti 1998,
2004) that one may write

B(X) (@) (X) = / drn(x — r)(o P (XX — 1), 2.9)

where (o p)i(X|X — r) is the ensemble-average stress in the particle phase at X
conditional on the presence of a particle centred at x — r. While {(op)(X|X — 1)
varies rapidly with respect to the first variable, which identifies the position inside
a particle, it varies slowly with respect to the second variable, which is the position
of the particle centre. This permits us to carry out a Taylor series expansion to find
(Zhang & Prosperetti 1994, 1997)

Blop)(X) = n(x) dr{op)i(x +r|x)

r<a

~V,- {n(x)/ drr{op)i(X +rX)| +---. (2.10)

In a homogeneous suspension the second and all higher terms vanish and this relation
simply states that the average particle stress at X is the average of the stress over
all the particles which contain X in their interior or on their surface. In general, this
expression can be written in a more convenient way in terms of the particle average
(2.7) by noting that, clearly (see e.g. Prosperetti 1998, 2004),

/dr(ap>1(x+rx):/ drop(X+r|x, N —1), (2.11)
r<a r<a

where here and in the following the overline denotes the particle average as defined in
(2.7). The left-hand side of (2.11) is the volume integral of the average stress while the
right-hand side is the average of the integral of the stress. The use of (2.11) is implicit
in the first equality of the relation (2.8) used by Batchelor (1970). This equation
is simply a consequence of the commutativity of averaging and spatial integration,
which is due to the linear nature of the latter operation. The second term of (2.10)
can be written similarly so that

Blor)(X) =n(x>/< drop(x + 1%, N — 1)

-V, [n(x)/ drap(x+rx,N—1)r} 4+ (212)

For the first term, we proceed as in the second step of (2.8) to find, upon using
(2.1),

EjCi/dm/rp(x—i—r)rj. (2.13)

/ dr(ap),-j(X—{—r|X,N—1)=a dS,(aF'n),nj—a
r<a

r=a
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For the second term in (2.12), we note that

a 19
/drrk(ap)ij = 2M/dr[rk(ap)ij+rj(ap)ik]

3Xk

19
39y [ drlwon); —rierd. (214)

The second contribution is antisymmetric in j and k and therefore vanishes upon
taking the divergence over the index k indicated in (2.12) and the divergence over the
index j to form the momentum equation (2.3) for the mixture, and can therefore can
be dropped. The first contribution can be manipulated as before to find

1 1 1 d(op);
3 / drlr(op); +ri(op)iu] = Eaz / dS,men (o p+n) — 3 / drrkr‘j(afe)[. (2.15)
Similarly to (2.13), we have
3(0p); 9 3
/drrkrj (8:5)5 = /drrkrj 81/;:) = 3% /drrkrjwp. (2.16)

Upon considering the two contributions (2.13) and (2.16) together, to the same order
of accuracy as the terms retained in (2.5), we have

V- |:nV/dr1//pr —%V- <nV/drrr¢P>} = (B8 —nv)Vyp, (2.17)

the proof of which rests on the assumption that ¥p is harmonic as is usually the case.
We now relate this result to the average force exerted by the particles on the fluid to
obtain the final expression for the stress in the mixture.

For this purpose, we start by integrating the momentum equation (2.1) for the
particle material over the volume of a generic particle centred at y and use the
continuity of the normal stress at the particle surface to find

/ dsroF(y+r|y,N—1)-n=/ drv,yp(y+r1) = vV yp(y), (2.18)

r<a

where V, denotes the gradient operator with respect to r. The notation in the first
integral indicates that the stress is evaluated on the surface of the particle centred at
y while the position of the remaining N — 1 particles is arbitrary. By using (2.6), (2.7),
and (2.18), we may write the average hydrodynamic force on the particles as

T(x) = /_ dS,0 7N = vVYp(X). (2.19)

If inertia is neglected, the average external force per unit volume exerted on the
particles must balance the fluid force and therefore it is given by

1 a?
n(x)F(x)=—v/ drn(x+r)T(x+r):—(1+10V2+~~~>(nT), (2.20)

r<a

or
a2
—nF — Evz(l’lT) = anIﬁp. (221)

Upon using (2.13), (2.15), (2.17), and (2.21), the total momentum equation (2.3) may
be written as

VX =(1-B)Vyr—nF, (2.22)
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where we have introduced the mixture stress defined by

2= (1—p)or) +an(x) / dS (o

10

The terms in the second line and the higher-order ones denoted by the dots reflect the
fundamentally non-local nature of the theory due to the finite size of the particles.
These terms vanish in the continuum limit but must be retained to accurately
determine the effective properties by extrapolating numerical results to an infinite
system size as shown in Zhang & Prosperetti (2006).

Equation (2.22) states that the total external force on the fluid and on the particles
is balanced by V- X; thus, we are justified in identifying ¥ with the mixture stress.
This representation of ¥ is useful as any reference to the particle internal stress has
now gone, which permits the use of a rigid-particle model. In this limit, it is easy to
show that (Zhang & Prosperetti 1997)

a? a’
" [n(x) dS,.(aF-n)nnk} LT+, (2.23)

r=a

(1= B)(or)j) = —(1 =B pr)l+ n[Vu, + (Vu,)'] (2.24)
where I the identity two-tensor, pr is the fluid pressure, u its viscosity, and
Up = Bw + (1 — B)(uF), (2.25)

with w the average translational velocity of the particles, is the volumetric flux, or
bulk velocity, of the mixture.

The derivation of (2.22) is presented in greater generality — but with an attendant
greater complexity — in Prosperetti (2004) where, among others, (2.17) is proven to be
exact at all orders. That paper however does not present the closure relations shown
here. Tanksley & Prosperetti (2001) consider the Stokes flow case specifically, but
again without showing explicit closure results.

3. Decomposition of the particle contributions to the stress
For brevity it is convenient to define the tensors

Tijk... = dS,(op n)in;ng - ng, (3.1)
of which T = {T;} defined in (2.19) is a special case. Other tensors which arise in the
analysis have the form

Ukmg = / dS,(n *Of"* n)l’lk Ny = jikee- (32)

For brevity, we do not use a specific notation to identify the order of the tensors
T and U that arise in the analysis; the order is implicit in the number of indices
displayed. The first-order tensors {7;} and {U;} will also be written as T and U
wherever convenient.

By a direct calculation based on Lamb’s general solution of the Stokes flow past a
sphere (Lamb 1932; Kim & Karrila 1991), it is shown in Prosperetti (2004) that the

t More precisely, the particle contribution to the volumetric flux should be written as B{up),
where (Up)(X) is the average velocity of the particle material at point X. Approximating this quantity
by w introduces an error of order a/L, in which L is the macroscopic length scale (see e.g. equation
7.9 in Tanksley & Prosperetti 2001).
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viscous part of the stress does not contribute to these latter tensors so that

Uk___g = —/ dSrpFI’lk Ny, (33)

In terms of the T, the previous expression (2.23) for the stress becomes
Xij =1 = B)(oF)ij) +naT;;j — %azak [n(Tj — %SjkTi) + -] (3.4)
The first particle contribution 7;; can be decomposed as
T = ﬁj + %(Tij —Tj)+ %&‘jTu = f}j + %Gijnénszkz + %&jTuy (3.5)

where ﬁj, which may be considered as defined by this relation, is seen to be the
symmetric traceless part of T;;, i.e. proportional to the average stresslet. From the
definition (3.1) of T;;, the second term of (3.5) is recognized as proportional to the aver-
age hydrodynamic couple acting on the particle. In the absence of inertia, the
hydrodynamic couple must balance the applied external couple and therefore, if no
external couples act on the particles, this term must vanish leaving only a symmetric
contribution to the stress at this order. These results are the same as in Batchelor
(1970) for the present case of spheres. The last term of the decomposition (3.5) gives
an isotropic contribution to the stress and is given by

Ty = dS,(n-or-n)= —/ dS, pr = —4na*((pr)) (3.6)
in which ({pr)) is defined as the particle average of the mean fluid pressure on
the particle surface. It will be seen below that this term contributes to the particle
pressure, as already pointed out by Brady (1993) and Jeffrey, Morris & Brady (1993).

T;; is a reducible representation of the rotation group of order 2, and (3.5)
corresponds to its decomposition into irreducible representations of order 2, 1, and
0 respectively. When T;j in the last term of (3.4), a reducible representation of
order 3, is subjected to a similar analysis, one finds an irreducible fully symmetric
3-representation 7;j, two irreducible 2-representations, and three 1-representations;
explicitly, following the procedure of Damour & Iyer (1991),

T = T + Tk — Tjiw) + 3(Tije — Tiji)

+ % [8:(Ti + 2Up) + 8,u(T; + 2U;) + 8(T; +2U;)].  (3.7)

Recall that it is not T}, itself that contributes to the stress in (2.12) but 9 (nT;j).
Furthermore, what enters the dynamical equation is the divergence of the stress so
that the contribution of dynamical significance is actually 9;9,(nT;;). Because of this,
it is readily verified that (3.7) can be written in the dynamically equivalent form

Tije — 18, T; = T + Tk — Tjir) + 55 [6:(Te + 2Ux) — 8,u(T; — Uy)]. (3.8)

Furthermore, since the isotropic part of this term will ultimately contribute to the
mixture pressure, it is justified to remove viscous effects from the term proportional
to &;;. This objective can be achieved by adding to (3.8) the term %[Sik(Tj —-Uj)—
8;;(Ti — Uy)], the double divergence of which vanishes. The result is then

1 A
Tijx — gsjkTi = Tiji + 3(Tijk — Tjia) + 5[0 (T; — Uj) = 8(T; — Up)] + 268U

= Aijk + %eijnen(ZmT(ka + %Eijnenki(TZ —Uy) + %&jUk- (3.9)
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With this step, the isotropic part has been reduced to U, which only depends on the
fluid pressure, as remarked earlier after (3.2). As explained in Appendix A after (A7),
it is also desirable to symmetrize the second term with respect to the indices n and k:

€nem Temp = % (Eném Tomi + €xem Tlmn) + % (Enﬁm Tomk — €kem Témn)
= 3 (€ntmTemk + €emTimn) + 3€xne (T, — Uy) (3.10)

where, in the last step, we used an identity which is readily proven from the definition
of the tensors T. With this step, we finally have

Tijw — 28T = ljk + L€ijn €nem Tomk + €xem Tomn) — L€ijn€ne (T — Ug) + 38Uy (3.11)

Upon substituting (3.5) and (3.11) into (3.4) and suitably arranging the result, the
mixture stress (3.4) may then be written in the form

Y=—pd+32,+e (R=VxV) (3.12)

where € is the alternating tensor. The mixture pressure p,, is found to be

2

Pw = (L= B){pr) + BUUpr)) + S0k (nUL), (3.13)

where we have written 8 in place of nv and, here and in the following, we drop
explicit indication of higher-order terms in a/L. The symmetric part of the stress is
given by
2
Zoij =i [Vu, + (VUm)T],-]- +anT;; — %&c(”ﬁjk)' (3.14)

The second term anT}; s proportional to the stresslet, is responsible for the effective
viscosity of the suspension. In the non-uniform case, it also introduces additional
terms described in Zhang & Prosperetti (2006). The term T, jk 18 shown in Appendix A
to vanish in the uniform case and, more generally, to give contributions of order
a’/L? which vanish in the continuum limit.

The axial vector R in (3.12) is Batchelor’s antisymmetric part of the stress
augmented by an additional term:

2

a a
R; = EeiklnTkl — Zak (7 (€iem Tomr + €xemTomi )]

=3[ dsifemxrl—ca [ ds o m x nt o) Xl (319

r=a r=a

It is shown in Appendix A that the second integral vanishes up to terms of order
a/L.

The polar vector V in (3.12) represents a new contribution to the antisymmetric
part of the stress, which vanishes in the cases treated by Batchelor. To the present
order of accuracy of the expansion (2.10) of the particle contribution to the stress it
is given by

2

V = —n(U T) = —T—On S, (1=nn) - (o o1) (3.16)
in which U = {U;}. This quantity is therefore proportional to the particle average of
the tangential traction integrated over the particle surface. As such, it only depends
on the viscous part of the stress. Since, in Stokes flow, the viscous and pressure
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stresses usually give contributions of comparable order to the hydrodynamic force,
the integral in V may be expected to be of the order of magnitude of the drag. If
the drag is estimated to be of the order of pa times the relative velocity, V is then
expected to be of the order of Bu times the relative velocity.

As shown in Tanksley & Prosperetti (2001), in the present Stokes case the
development leading from (2.3) to (2.22) facilitates but is not essential for the
identification of this new contribution to the stress. A similar result also holds
at finite Reynolds numbers, as shown in Prosperetti (2004).

4. Dilute limit

The previous results contain some terms that vanish identically in the situations
studied by previous authors. It is interesting to investigate their nature and to consider
their possible importance in more general situations. We start by a dilute-limit analysis,
and present some numerical results for finite volume fractions in the next section.

The Stokes flow field in the neighbourhood of a particle can be represented as
the sum of a part (U”, p”) and a part (u®, p*) regular and singular, respectively, at
the particle centre. Explicit expressions for these quantities can be written down by
means of Lamb’s general solution of the Stokes equations summarized in Appendix A
(Lamb 1932; see also Kim & Karrila 1991). The regular and singular components
are connected to each other by the no-slip condition at the surface of the particle,
assumed to translate with a velocity w and rotate with an angular velocity £2. By
using this representation and (A 5) and (A 6) of Appendix A it can be shown that

V =3pu(w—u —1a*V2ur). (4.1)

We consider a locally uniform sedimenting suspension of equal particles, all subject to

the same force f. The mean sedimentation velocity with respect to the bulk volumetric

flux is related to the velocity W° of an isolated particle subject to the same force by

WO = f __

6brua  H(P)

where H is the hindrance function for sedimentation for which Batchelor (1972)
found

(w—uy,) (4.2)

H=1-—6.558+ o(B). (4.3)
On the other hand, from Faxén’s theorem,
_a?
W=w—u — €V2u’ (4.4)
so that
V = 2Bu(W° —1a’V2ur). (4.5)

By using the approach of Batchelor’s (1972) paper and some of his results, it is shown
in Appendix B that

VAU~ BL(BWS, ¢ =3.537 +o(1) (4.6)
so that
3
V = 5B(1—3B5) kW = 'B(Tlfg)u(ﬁ— Un)

12

SB(1+5.37B) u (W — uy,). (4.7)
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It is shown in the next section that ¢ is very nearly constant at least up to g = 45 %.
For the axial term of Batchelor’s antisymmetric stress (3.15), we find

f=3“R/(3/3) (2 -1V xu,)

in which R(p) is the hindrance function for rotation. By again using the approach of
Batchelor’s (1972) paper, it is shown in Appendix C that

R~1—158+0(p). (4.9)

a o
S€wenTi = 3uB (2 — 3V x u’) (4.8)

2

i’

As shown in Appendix A, the second term of Batchelor’s antisymmetric stress (3.15)
vanishes in the continuum limit so that, to second order in S,

R~3Bu(1—1.58) (2 — 1V x u,,). (4.10)

The hindrance function for rotation was calculated numerically for finite volume
fractions in Marchioro et al. (2000) and the results were fitted as

R=(1—p)1 with  ¢; ~ 1.50, ¢, ~ 0.41, (4.11)

which agrees with (4.9) for small 8.
The last contribution to the mixture pressure (3.13) is found to be

a’ a 3 0, 2 rer
gv (I’lU)—V (—Sn/r=adS,ppr> =V |:—10//L,3 <W +§Cl VZu ):|

_y. 3B (142 7
=V [ 0H <1+3,3§)u(w um)] (4.12)
and therefore, with
P =(1—=B)pr) + BUpr)), (4.13)
we have the general result
_p_vy. | 2B 2 T —
Puw=P =V [IOH (1 + 3/3;) (@ um)] (4.14)

which, in the dilute limit, reduces to
3
pm=P—V- [wﬂ(1+8.91ﬂ),u,(w—um)} . (4.15)

The first term in the symmetric stress (3.14) is found to have the expression

af}j = %vu(l + %anz) (Biu; + 8ju§). (4.16)

To first order in the volume fraction, the regular part of the velocity field can be
identified with the average field and we therefore find from the first two terms of
(3.14)

Xo=pn(1438) [VUn+ (Vu,)'] (4.17)

where higher-order derivatives have been dropped as being of higher order in a/L.
This is of course Einstein’s result for the effective viscosity of a dilute suspension.
The extension to the next order in 8 for a uniform suspension of force-free particles
was given by Batchelor & Green (1972) in another very well-known paper. In the
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non-uniform case with particles subject to external forces, additional terms arise which
are studied in detail in Zhang & Prosperetti (2006).

5. The polar contribution to the antisymmetric stress at finite volume fraction

In the standard calculation of the effective viscosity of a concentrated suspension
one considers a uniform system subject to a uniform shear even though, strictly
speaking, taking the divergence of the result to form the momentum equation would
result in a zero contribution (see e.g. Batchelor & Green 1972; Phillips, Brady & Bossis
1988; Mo & Sangani 1994; Heyes & Sigurgeirsson 2004). Implicitly, the procedure
rests on an assumed separation of scales such that the characteristic macroscopic
length scale over which non-uniformities are dynamically significant is larger than the
local length scale used to deduce the effective property. In order to calculate the new
contribution V to the antisymmetric stress at finite particle concentrations we follow
a similar approach and consider a uniform system, even though ultimately V enters
the momentum equation (2.22) as —V X V x V.§

It was shown in the previous section that, in the dilute limit, V is proportional to
the normalized force W°. That a similar proportionality should hold also at finite
volume fractions is a consequence of the fact that, for a uniform suspension, no
vector other than W' is available to formulate a closure relation for V. We now
calculate numerically the coefficient of proportionality or, equivalently, the coefficient
Z(pB) introduced in (4.6).

For this purpose we carry out numerical simulations of the response of particle
assemblies to a force, equal for all the particles, and take an ensemble average of the
results. Each ensemble is statistically uniform and consists of realizations obtained by
randomly arranging N particles of equal radius a in a cubic domain of side L with
periodicity boundary conditions. In principle, each different flow situation will have
a different particle probability distribution. In order to obtain a result of reasonably
broad applicability, we are forced to make a single specific choice for this probability
distribution. The hard-sphere distribution seems the most natural choice.

Since we are interested in the limit of large systems, for each volume fraction we
constructed between 40 and 70 different ensembles, increasing the particle number
and the box size according to the relation

3 1/3
%: (Wﬁ) . (5.1)

With a maximum of 160 particles, this relation gives a/L =0.024 and 0.088 for g =
1% and 45 %, respectively. For each particle number and cell size, our ensembles
consist of a large number of particle configurations: 1024 for N between 17 and
79512 for N between 80 and 150, and 256 for N = 160. For each realization, the
force acting on the particles was taken in the three mutually orthogonal directions
parallel to the sides of the cell, thus effectively tripling the number of realizations for
each ensemble.

The numerical method, which is the same as described in detail in earlier papers
(Marchioro et al. 2000, 2001; Ichiki & Prosperetti 2004), is based on a multipole

1 Note that short-scale non-uniformities would add differentiated terms to the result found here,
with the consequence that very high-order derivatives would appear in the momentum equation.
This could alter the mathematical structure of the final equation system and necessitate new,
non-standard boundary conditions.
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B (%) ¢ B (%) ¢
1 3.56 20 353
2 3.55 25 3.50
3 353 30 3.46
4 3.54 35 3.94
5 355 40 3.37
10 3.54 45 3.36
15 353

TaBLE 1. Numerically computed ¢ defined in (4.6) vs. particle volume fraction g.

expansion as developed by Mo & Sangani (1994), whose code formed the basis
of the one that we have used. Five multipoles were retained for the majority of the
calculations. We retained six for a limited number of high-concentration cases, finding
differences of the order of 1-2 % for both the hindrance function and the coefficient
¢. As shown in (A 5), the quantity of interest, V>U’, is directly proportional to one of
the multipoles.

Figure 1 shows typical examples of the dependence of ¢ upon a/L for 8 between
1% and 45 %. In this figure, each point is the result of averaging over the ensemble
corresponding to that value of a/L. The validity of the relation (4.6) is confirmed by
the fact that the components of V2u’ not parallel to W° are found to be orders of
magnitude smaller than the parallel one.

The numerical results are smooth and, in order to extrapolate to a/L = 0, we
fitted them by least squares with both a linear and a quadratic fit, finding very small
differences. The results of this extrapolation are shown as a function of g in figure 2
and given in numerical form in table 1. The dashed line shows the dilute limit value ¢ ~
3.537 given earlier in (4.6) and the solid line is a fit of the numerical results of the form

¢ =3.54(1—0.2718%). (5.2)

6. Discussion

In the previous sections we have presented a formal derivation of the antisymmetric
stress. It is useful to supplement it by an intuitive physical argument.

Consider a mixture volume element such as the one depicted in figure 3. On average,
the surface of the volume element will cut across some particles such as A and B. As
shown in the right part of the figure, due to the neglect of inertia, the external force F
applied to particle A will be balanced by the sum of hydrodynamic forces f, and f,
arising from the integration of the fluid stress on the portions of the surface of A inside
and outside the volume element, respectively. (For simplicity, these forces are drawn
parallel to the surface of the volume element.) The action of the forces F and f, on the
particle material inside the volume element can be equivalently represented by a force
F — f, and by a couple c acting at the intersection of a particle with the surface of the
volume element. A similar argument applies to a particle such as B, for which the force
will be — f, (and, therefore, opposite to F — f,), while the couple will be in the same
direction.t The sum of terms similar to F — f, and —f, for all the particles cut

1 This difference in signs explains why the V contribution comes in at O(g), while that of the
tensors E, and Ey introduced in Zhang & Prosperetti (2006) starts at O(p?).
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FIGURE 1. Numerically computed values of the coefficient ¢ defined in (4.6) vs. the size L of
the computational cell normalized by the particle radius. Each point is the result of averaging
over a large ensemble of configurations. The lines are, in ascending order, for particle volume
fractions of (a) 1 %, 2 %, 5 %, and 10 % and (b) 15 %, 25 %, 35 % and 45 %.

across by the surface of the volume element contributes to the symmetric stress, while
the couple ¢ contributes to the antisymmetric stress term V. It is evident that this
argument does not depend on whether external couples act on the particles or not.
If they do, the antisymmetric stress will be augmented by the contribution R. The
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FiGgure 2. Dependence of the coefficient ¢ defined in (4.6) on the particle volume fraction S.
The symbols show the result of the large-system extrapolation to a/L — 0, the dashed line is
the dilute-limit result, and the solid line the fit (5.2).

crucial role played by particles cut across by the surface of the volume element (which
must exist in both an ensemble average and in a properly justified volume average
treatment) is appreciated well in the multiphase flow literature; see e.g. Nigmatulin
(1979), Prosperetti & Jones (1984), and Almog & Brenner (1999).

The couple ¢ will be proportional to the force F which, on average, will be
u(w —u,)/H. If both F and the particle volume fraction are spatially uniform, the
net effect integrated over the surface of the control volume will add up to zero, but
this conclusion will not hold if either one, or both, of these conditions is not satisfied.

It is known from the standard theory of structured continua (see e.g. Aris 1962;
Dabhler & Scriven 1963 ; Condiff & Dahler 1964) that the pseudo-vector —e;;, X' of the
antisymmetric component of the stress tensor, which in our case equals —2(R—V x V),
is a source for the intrinsic angular momentum, namely the difference between the
total angular momentum and the moment of the linear momentum. This difference
is often termed the spin field as it has been traditionally regarded as accounting for
rotating particles. Our analysis shows that this is actually an over-simplification as,
due to the V term, the pseudo-vector does not vanish even when the particles are
subject to no external couples and R = 0. Thus it must be concluded that, in general,
the suspension possesses an intrinsic angular momentum due to non-uniformities of
the particle distribution and of the forces acting on them. In other words, under the
action of V x V, a differential rotation develops inside a volume element rotating
with angular velocity %V X U,,. Though a microscale effect, our results imply that this
feature has macroscale consequences. This micro/macro coupling is mediated by the
‘slip” velocity field w — u,, in the presence of spatial non-uniformities.
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FIGURE 3. An intuitive explanation of the origin of the new antisymmetric contribution
described in §§4 and 5. The external force F applied to particle A is balanced by the sum of
hydrodynamic forces f; and f, arising from the integration of the fluid stress on the portions
of the surface of A inside and outside the volume element. (For simplicity, these forces are
drawn parallel to the surface of the volume element.) The action of the forces F and f, on
the particle material inside the volume element is equivalent to a force F — f, and a couple
C acting at the intersection of the volume element with the particle. The sum over the couples
c for all the particles intersected by the boundary of the volume element gives rise to an
antisymmetric stress.

7. Summary and conclusions

In this paper we have re-examined the stress in a uniform suspension following the
lead of Batchelor’s famous 1970 paper. Unlike him, we have limited our considerations
to spherical particles, but we have allowed the particles to be subjected to forces and
couples. We have shown that, in the absence of inertial effects, the stress tensor has
the form given in (3.12), namely

E=—pd+32,+e (R-VxV), (7.1)

in which € is the alternating 3-tensor. This result differs from available ones in two
respects. In the first place, V represents a new contribution to the antisymmetric part
of the stress for which we find the explicit result

V = uy(w —Up) (7.2)

in which w is the mean particle velocity and u,, the mixture volumetric flux. The
parameter py, which may be referred to as the polar vortex viscosity, is given by
3
BG—B2) 73

Ty A

in which H = H(B) is the hindrance function for sedimentation and the coefficient
¢ = ¢(B) is defined in (4.6) and numerically computed with the result shown in
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FiGURE 4. Dependence of the polar vortex viscosity defined in (7.3) on the particle volume
fraction B. The solid line is obtained by using the result (5.2) for ¢ and H = (1 — g)®%—3-34
for the hindrance function.

figure 2 and in table 1; wy is a monotonically increasing function of the particle
volume fraction B. A graph of wy/u vs. B is shown in figure 4.

An antisymmetric component of the stress tensor contributes to the rate of increase
of the intrinsic angular momentum of the mixture (see e.g. Aris 1962). The physical
mechanism by which the new term V identified in this study produces this effect is
explained in §6 and in figure 3. In essence, as is clear from the definition (3.16), it is
related to an unbalanced tangential traction on the particle surface which introduces
a couple density on the surface of a volume element of the suspension.

The other terms in (7.1) conform with Batchelor’s results. p,, is the isotropic part
of the stress which is shown in detail in (4.14). ¥ is the symmetric stress including,
among others, the contribution of the standard effective viscosity p.z; this term is
studied in detail in Zhang & Prosperetti (2006). R is the antisymmetric component
of the stress found by Batchelor (1970) and given by

R=uz(22 —V X U,), (7.4)

in which £ is the mean particle angular velocity and the axial vortex viscosity jig is
given by ugr/n = 38/(2R) with R = R(f) the hindrance function for rotation. Unlike
the V contribution, this one vanishes when there are no external couples acting on
uniformly distributed particles.

With the previous expression (7.1) for X, when the external force acting on the
system reduces to gravity, the momentum equation for the suspension is

V-2 =—[(1—-B)pr+ Bprlg. (7.5)
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An interesting situation to consider is that of a porous medium, for which w
vanishes identically so that, if the particle volume fraction is uniform,

—V xVxV=pu,Vu, (7.6)

which is a contribution with the same form as that of the effective viscosity 5. For
B = 20 %, 30 %, and 40 % we find wy /s = 0.09, 0.16, and 0.22 (the values of .4
used for this estimate are from Ladd 1990), which shows that the importance of our
new term V increases with 8 and is not necessarily negligible.

This study was supported by the US Department of Energy under grant DE-FGO02-
99ER 14966 and by the National Science Foundation under grant CTS-0210044.

Appendix A. Multipoles

In this appendix we show the relations between the force multipoles 7;; . and U;; .
that were used to find the relations quoted in §§4 and 5.

The Stokes flow field (u, p) in the neighbourhood of a particle can be represented
as the sum of a part (u”, p”) regular and a part (u®, p*) singular at the particle centre.
Lamb (1932; see also Kim & Karrila 1991) showed that these two components can
be written as

r=? S I 2 _
u = Z |:(I’l + 1)(21’1 + 3) (2(n + 3)5 Vspn nSpn) +Vs¢n -’—VA X (SXn) , (Al)

n=1

and

a Z {n(zn —1) %(" —2)s°Vypu_t + (n + 1)517—;171)

n=1

+Vs¢—n—1 + Vs X (SX—n—l)] . (A 2)

In these equations p,, ¢,, x, are dimensionless harmonics of positive order n of the
dimensionless variable s=r/a, and p_,_1, ¢_,_1, x_n._1 are dimensionless harmonics
of negative order —n — 1. The regular and singular harmonics are readily connected
to each other by using the no-slip condition on the surface of the particle, assumed
to translate with a velocity w and rotate with an angular velocity £2:

_— _ n@n—1) _n(4n2—1) 3aw
S P =T ) P T Tt e,

'58n17 (A3)

2
1 g n g2+l
S . - —_—n+—‘2 ‘S (A4
s ¢7n71 (n 1)(2” 1)(2” 3)p X—n—1 X 1 ( )

in which, following Mo & Sangani (1994), we have set ¢”, | = ¢_n_1—§p_,1_1/(2n+1).
It is readily deduced from these expressions that

V *
VAU | = ~Vpil—o = —30V(s’¢",)ls0. (A5)

where here and in the following the derivatives of the potentials are with respect to
the dimensionless variable s.
It is shown in Tanksley & Prosperetti (2001), and can also be proven directly, that

T = —4nuvV(sip_,), U =40muvV(si¢™,) — %nqu(ﬁp,z). (A6)
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Here and in the following, evaluation of the derivatives of the potentials at s = 0, as
in (A 5), is understood.
The second term of Batchelor’s antisymmetric stress (3.15) is found to be

2
a v v
_Fak (7 (€imeTomk + €xmeTomi)] = Ok {—MV;naiak(SSX—a)] = Ok (MV;naiak)(z)

= O [tuBa’ (o] + 3;0))] (A7)

where " is the vorticity of the regular field. The symmetrization (3.10) was motivated
by the fact that, without it, this term would have contained a mixture of the pseudo-
scalars x and scalars ¢ and p. In order to calculate this term we note that, for a
uniform suspension with particles subjected to an equal force, we must have

a* 0 d;ul = AB)S W + B(B) (8;; W + 84 W7). (A8)

This relation holds also for particles subject to a couple as it is impossible to make a
3-tensor with the proper parity linear in the angular velocity. Upon taking the trace
over the indices i and j, the result must vanish due to the incompressibility of the
fluid, while the trace over j and k must reproduce (4.6). These two conditions are
sufficient to conclude that

A=32Br, B=-—3pC (A9)

With these results, it is easy to show that dw! + 9,0, = 0 so that the second term

of Batchelor’s antisymmetric stress (A 7) vanishes. For a non-uniform system, other

terms such as W?9;0;8 in principle could appear in the right-hand side of (A8).

However, for dimensional reasons, each derivative would have to be multiplied by a

factor of a so that terms of this type would vanish in the continuum limit a/L — 0.
The second term of the symmetric stress (3.14) is found to be

2
—%ak(nnjk) = —%(azaka,»(m +a?V?) — 28,.a*V?) ui + - (A 10)

where the dots stand for two other terms obtained by cyclic permutation of i, j, k. A
relation similar to (A 8) can be written for a*d;d;V2u!, but now the traces over both
i and j and i and kK must vanish, and therefore the average of this quantity is zero.
What remains can be evaluated using (A 8) to find T;; = 0.

The first term in the symmetric stress (4.17), in terms of the potentials, is

T = —2nuvd;0,(sSp_s) = 2muvd;d; (p2 + 104). (A11)

By using (A 1), this expression can be related to the regular field evaluated at the
particle centre to find (4.16).
For the first term of Batchelor’s antisymmetric stress (3.15) we similarly have

1 R _
geikak@ = —2n/ dsS, [r x (0 -n)]; = —4nuvand;(s3x_») = 3nvu (%3/()(1 — SZ)
r=a a

2
(A12)
from which (4.8) readily follows.

Appendix B. Calculation of a*V2ur
In his 1972 paper, by using renormalization, Batchelor proves the relation

a*V2uB = 38W° + o(B), (B1)
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where u? is the velocity field at the centre of the test sphere evaluated in the absence
of the test sphere. u? differs from our U’ in that the latter includes the effect of the
test sphere on the other spheres. However, if we set

a*V2ur = a’*V2uB + a’V2 (ur — ub), (B2)

the second term decays sufficiently fast with distance from the centre of the test
sphere for the ensemble average to be converted into a volume average. Following
Batchelor’s argument, for small concentrations it is sufficient to consider the effect of
only one other sphere so that

a’n

a’V2 (ur —uB) = a2n/ Vi(u —uf)dy = / V.(p" — ptdy. (B3)
W Jix—y|=2a

[X—y|=>2a

Since both p” and p® depend on x — y, we can replace V, by —V, and use the
divergence theorem to find

1
/ V. — pdy =~ / n[p(r) — p(r)]ds, (B4)
[x—y|>2a 2

Ir|=2a

where n is the unit normal directed out of the sphere |y — X| = 2a. The contribution
of the second term can be readily calculated using Stokes’s solution to find

[12

— npf(ryds, = E,3w°. (B5)
o Jiri=2a 2

Let us now consider the contribution p”. This is the pressure at X generated by a
sphere centred at y when both spheres are falling together at the same velocity, U
= U, = W, as they must by reversibility of Stokes flow if the force on them is the

same. By equations (1), (3), and (4) in Jeffrey et al. (1993) and the notation of that
paper, p” is expressed

%p’=(Xﬁ+Xﬁ)W-n. (B6)

The common velocity of fall can be calculated from equation (1.10) of Jeffrey &
Onishi (1984) with the result

n-W = (x{; +xf,) n-W° B7)
so that
%pr = (XF + XP) (xf; +x5) n-W°, (B8)
Thus
a;n |y—X|=2a np’dS, = 4B[(X{, + X13) (xfy +x1)], _,, W (B9)

According to the results in table 1 of Jeffrey et al. (1993), at contact, X|; + X, ~
—0.0118—0.1435 = —0.1553 while, from tables 9 and 10 of Jeffrey & Onishi, x{, +x{, ~
0.7550 + 0.7550 = 1.510. Thus, upon combining this result with (B5),

a*V2 (u" —uf) ~0.5371pW° (B10)

from which, adding (B 1), the result (4.6) given in the text follows.
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Appendix C. The hindrance function for rotation

We adopt a coordinate frame rotating with the angular velocity of the volumetric
flux u,,. In this frame, define the angular velocity of an isolated particle subject to a
couple L by

L
2= _—. Cl
8nua’ €D
From Faxén’s theorem for rotation, or directly from (A 1) and (A 2), we have
2'=2-1Vxuw=02—1o. (C2)
Similarly to (B2), we write
2=0"+ 108+ J(o — w?) (C3)

where " is the vorticity of the regular field at the centre X of the test particle and o?
is the vorticity at X in the absence of the test particle. This decomposition is analogous
to equation (3.3) in Batchelor (1972). We now follow his renormalization procedure
noting that, since the unconditional average of w? vanishes due to uniformity, we
have

wB(X) = % /d(g%ﬂ(x, G)P(%N|x) — P(Y)). (C4)

At this point, following the same steps leading to equation (4.6) of Batchelor (1972),
we find that

wB(X) = —n/ of(x +r, x)dr, (C5)
r<2a

where, for r < a, ®® equals 282°, the vorticity inside a particle, while, for a < r < 2a,
it is the vorticity in the fluid given by

a3
w:r—3(3ff—l)-.{2°, (C6)

in which f = r/r. The result of this calculation is
wB(x) = —pR°. (C7)

For the second term of (C 3) we may write
l— 1
(w’—wB)zn/ (0 —w?)dr (C8)
2 2 r=2a

as the integral is now unconditionally convergent at infinity thanks to the presence
of the second term. From Faxén’s theorem, %wr equals the angular velocity 2 of the

test particle minus £2° so that

1 1
(w’—w3)=n/ 2 —2°— —w?)dr. (C9)
2 r=2a 2
Jeffrey & Onishi (1984) in their equation (1.10) give
2 = [(xf) +xD)PF + (i) + 1) (= FP)] - 2", (C10)

Thus

— 4
E(w’ —wb) = 311:n.f20/ [xfl + xi, + Z(yfl + yfz) — 3] r2dr. (C11)
r=2a
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The calculation of this integral requires a tabulation of the functions appearing in
(C10). The information given in Jeffrey & Onishi (1984) is not very detailed and,
therefore, we can only carry out a calculation of limited accuracy with the result
—0.582°, where the numerical coefficient has a likely error of less than 2 %. Upon
combining with (C7), we then find (4.9).
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