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We calculate the rheological properties of a dilute emulsion of neutrally buoyant
nearly spherical drops at O(¢Re*?) in a simple shear flow (u® =ypx,1;, 7 being
the shear rate) as a function of the ratio of the dispersed- and continuous-phase
viscosities (1= [1/ut). Here, ¢ is the volume fraction of the dispersed phase and Re is
the micro-scale Reynolds number. The latter parameter is a dimensionless measure
of inertial effects on the scale of the dispersed-phase constituents and is defined as
Re=ya’p/u, a being the drop radius and p the common density of the two phases.
The analysis is restricted to the limit ¢, Re < 1, when hydrodynamic interactions
between drops may be neglected, and the velocity field in a region around the drop
of the order of its own size is governed by the Stokes equations at leading order. The
dominant contribution to the rheology at O(¢pRe*?), however, arises from the so-
called outer region where the leading-order Stokes approximation ceases to be valid.
The relevant length scale in this outer region, the inertial screening length, results
from a balance of convection and viscous diffusion, and is O(aRe™'/?) for simple
shear flow in the limit Re < 1. The neutrally buoyant drop appears as a point-force
dipole on this scale. The rheological calculation at O(¢Re*?) is therefore based on
a solution of the linearized Navier—Stokes equations forced by a point dipole. The
principal contributions to the bulk rheological properties at this order arise from
inertial corrections to the drop stresslet and Reynolds stress integrals. The theoretical
calculations for the stresslet components are validated via finite volume simulations
of a spherical drop at finite Re; the latter extend up to Re ~ 10.

Combining the results of our O(¢pRe*?) analysis with the known rheology of
a dilute emulsion to O(¢Re) leads to the following expressions for the relative
viscosity (. ), and the non-dimensional first (N;) and second normal stress differences
(N2) to O(@Re¥?): p.=14¢[(544+2)/(2(2+1))+0.024Re** (51 +2)2 /(). 4+ 1)1];
Ni=¢p[—Red4(322+ 374+ 1)/(9(% + 1)%) +0.066Re**(5) 4+ 2)2 /() + 1)*] and N, = $[Re 2
(10522 + 96/ +35)/(315(A 4 1)) —0.085Re** (51 4+ 2) /(1 + 1)2].
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Thus, for small but finite Re, inertia endows an emulsion with a non-Newtonian
rheology even in the infinitely dilute limit, and in particular, our calculations show
that, aside from normal stress differences, such an emulsion also exhibits a shear-
thickening behaviour. The results for a suspension of rigid spherical particles are
obtained in the limit 1 — oo.

Key words: emulsions, particle/fluid flow, rheology

1. Introduction

In an earlier paper (see Vivek Raja, Subramanian & Koch 2010), we have analysed,
to O(¢Re), the effect of inertia on the rheology of a dilute emulsion of neutrally
buoyant nearly spherical drops of viscosity /i subjected to an ambient flow that varies
over length scales large compared with the size of a single drop. Here, ¢ is the drop
volume fraction and Re =ya’p/u is the micro-scale Reynolds number based on the
drop radius (a) and the shear rate (y) in the ambient flow; Re is thus a dimensionless
measure of the importance of inertial forces at the micro-scale in a suspending fluid
with density p and viscosity p. Such a calculation has already been performed for a
suspension of rigid particles (for instance, see Lin, Peery & Schowalter 1970; Stone,
Brady & Lovalenti 2000), and leads to normal stress differences in simple shear
flow, implying that an inertial suspension is non-Newtonian even in the absence
of interparticle interactions. For an emulsion, inertial effects again lead to normal
stress differences at O(¢Re). A dilute emulsion, unlike a suspension, remains non-
Newtonian even in the Stokesian limit on account of drop deformation due to viscous
stresses (see Schowalter, Chaffey & Brenner 1968 ; Frankel & Acrivos 1970). However,
the simulations of Li & Sarkar(2005) and the subsequent analysis of Vivek Raja
et al. (2010) showed that even a small amount of inertia qualitatively alters emulsion
rheology in simple shear by changing the signs of the normal stress differences. In the
aforementioned instances, the inertial correction to the rheology arises from the O(Re)
modification of the flow field around an isolated drop or particle, immersed in an
ambient linear flow, in a region around it of the order of its own size. Since the Stokes
equations remain a valid leading-order approximation in this region, the O(¢Re)
correction to the inertialess rheology may be obtained from a regular perturbation
expansion about the Stokes limit.

In this paper, we consider the next inertial correction to the rheology of a dilute
emulsion subjected to a simple shear flow. This contribution is O(¢Re*?), and has
a singular character. There have been earlier attempts to calculate the rheological
properties of an inertial suspension in simple shear, to O(¢Re’’?), by the same sets of
authors referred to above in the context of the O(¢Re) calculation. Lin et al. (1970)
were the first to investigate the effect of micro-scale inertia on the rheology of a
suspension of rigid particles in simple shear, and obtained results to O(¢Re*’?) via
the traditionally matched asymptotic expansions approach. Later, Stone et al. (2000)
redid the calculation using a more concise formulation in Fourier space based on
the generalized reciprocal theorem, and in the process, also extended the rheological
results at O(¢Re) to an arbitrary ambient linear flow. Although the two theories
agreed at O(¢Re) for simple shear flow, there remained a discrepancy at O(¢pRe’/?)
that has not yet been resolved. The discrepancy is a particularly important one, since
the first inertial correction to the suspension shear viscosity is O(¢Re*?), the effects
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of inertia at O(¢Re) being restricted to normal stress differences. The rheology of
an inertial suspension has also been the subject of recent numerical calculations.
Mikulencak & Morris (2004) computed the stationary flow around both fixed and
torque-free spheres in a simple shear flow for a range of Re (0-100) using finite element
methods. For a torque-free sphere, a comparison of the inertial corrections to the
computed angular velocity and the shear component of the stresslet, both of which are
O(Re*?) in the limit of small Re, appeared to validate the results of Stone et al. (2000).
A favourable comparison with the theoretical predictions was also obtained for the
other stresslet components; these are O(Re), however, and as already mentioned, the
two theories are in agreement at this order. Kulkarni & Morris (2008) have recently
used a lattice Boltzmann method to simulate a suspension undergoing simple shear
flow in a wall-bounded domain at finite Re, thereby extending the rheology of an
inertial suspension to higher volume fractions when interparticle interactions become
important. The bulk rheological properties were correlated to the anisotropy of the
finite-Re microstructure.

Here, we show that the aforementioned theoretical calculations for the bulk stress
are incomplete since they neglect the contributions of the Reynolds stresses at
O(¢Re*?); furthermore, the results for the O(Re*?) correction to the stresslet are
only partially correct. The computations of Mikulencak & Morris (2004) are again
restricted to obtaining the stresslet at finite Re in the infinitely dilute limit and do
not include the results for the Reynolds stresses. We derive the complete O(¢pRe’’?)
contributions to the viscosity and normal stress differences of a dilute emulsion
of neutrally buoyant spherical drops in simple shear flow as a function of the
viscosity ratio (= ft/u); the correct results for a dilute suspension are then obtained
in the limit /—oo. The bulk stress in simple shear flow(a viscometric flow) of
an incompressible homogeneous emulsion is completely characterized by the shear
viscosity (u.) and the first (N;) and second normal stress differences (N,). The analysis
in this paper, together with the results for the inertial corrections at O(¢Re) (see
Vivek Raja et al. 2010), yields the following expressions for the three viscometric
coefficients, correct to O(¢Re*’?):

_ (54+2) 32 (54 +2)° 2 42

e =1+¢ [2(1 1) HO0ARS S ] + O(pRE2, $7), (1.1)
B 4322 4+34+1) 3254 +2) s
B 2(105/2 + 96/, 4 35) 32 (57 +2) ,

where the shear viscosity and the normal stress differences have been non-
dimensionalized by u and wuy, respectively. The above expressions may be combined
with those that result from drop deformation due to viscous forces alone (see
Schowalter et al. 1968), and this is done in §6 in order to compare with simulation
results; note that the calculations here are restricted to the infinitely dilute
limit, and the isotropic part of the dispersed-phase stress tensor is therefore not
considered.

Micro-scale inertia at O(¢Re) only contributes to the normal stresses with N
being negative and N, being positive (see (1.2) and (1.3)). The O(¢Re*?) analysis
yields the first correction to the shear viscosity and predicts a shear-thickening
rheology. Simulations (see Kulkarni & Morris 2008) showed that this prediction
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is robust and the shear-thickening persists at higher Re up until ¢=~0.2. At
these volume fractions, there is a significant contribution due to the anisotropic
pair microstructure; the results for the pair distribution function, g(r), show the
development of an increasingly strong anisotropy along the compressional quadrant
with an increase in Re, consistent with a shear-thickening behaviour. At higher volume
fractions, and for Re < O(1), the shear-thinning rheology characteristic of a flow-
aligning microstructure, arising from a balance of hydrodynamic and Brownian (or
interparticle) forces in a Stokesian suspension, begins to dominate. The shear viscosity
therefore exhibits a non-monotonic behaviour with increasing Re. It is of interest to
note that while shear-thickening in the absence of inertia relies on the formation of
multi-particle structures, mediated by lubrication interactions, at the highest shear
rates (see Brady & Morris 1997), inertia leads to shear-thickening even in the absence
of interparticle interactions. The enhancement of the microstructural anisotropy
at finite Re also implies that the finite Re contributions to N; and N,, arising
from pair interactions, are both negative. Thus, the pair interaction contribution to
N, in particular, has a sign opposite to the single-particle contribution (see (1.3)),
implying a reversal in sign with increasing ¢ for a fixed Re; this is confirmed
by simulations of Kulkarni & Morris (2008). The O(Re*?) analysis, in the limit
A— 0, leads to the following angular velocity of a torque-free rigid spherical particle:
2, =—%lz + 0.054Re*?; inertia causes the particle to slow down, which is again a
robust prediction. Numerical computations show this to be true at higher Re both
in two (Kossack & Acrivos 1974) and three dimensions (Mikulencak & Morris 2004).
Computations by Mikulencak & Morris indicated that the angular velocity of a sphere
continues to decay roughly in proportion to Re™*! for large Re, so that broad features
of the velocity field around the particle become rather insensitive to the torque-free
constraint for Re > 1. A similar effect of fluid inertia leads to a complete arrest of
rotation, at a finite Re, for cylindrical particles with an anisotropic cross-section (see
Ding & Aidun 2000).

The most relevant numerical calculation for comparison with the present analysis
is that of Li & Sarkar (2005). The authors have simulated the effect of micro-scale
inertia on the rheology of an infinitely dilute emulsion with unit viscosity ratio.
A comparison with their results was initiated by Vivek Raja et al. (2010), wherein
a discrepancy with the O(¢Re) theory was found even at the smallest Reynolds
numbers. It was suggested therein that such a discrepancy might arise, in part, due to
the neglect of higher-order inertial corrections. The inclusion of the O(Re*?) inertial
corrections, and additional contributions that arise from drop deformation, allow a
more comprehensive comparison in this paper. Since rheological information from
numerical computations has been restricted to only a pair of viscosity ratios(both
the stresslet and Reynolds stress contributions for a unit viscosity ratio, Li & Sarkar
2005, and only the stresslet coefficients for an infinite viscosity ratio, Mikulencak &
Morris 2004), we present new results for the stresslet components at finite Re, over
a range of viscosity ratios, obtained using a control volume formulation with the
SIMPLE algorithm. The computations extend up to a Reynolds number of 10 and,
together with the analytical predictions, allow the synthesis of correlations for the
stresslet contributions to the three viscometric coefficients, in this range of Re, and
for the different viscosity ratios.

The calculation of the inertial correction at O(¢Re’) is a more difficult task
than that at O(¢Re), owing to the non-uniformity of the Stokes approximation
for the disturbance velocity field. The Stokes description breaks down for distances
larger than the inertial screening length that, for a linear flow, is O(aRe™"?) in the

3/2
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limit Re < 1 (Lin et al. 1970). In the so-called outer region (r > aRe~/?), inertial and
viscous forces remain comparable and the disturbance fields are governed by the
linearized Navier—Stokes equations instead. As argued by Stone et al. (2000) and
Vivek Raja et al. (2010), the above non-uniformity affects the bulk stress calculation
at O(¢Re”?). The increased mathematical difficulty related to solving the linearized
Navier-Stokes equations also implies that an analysis, at O(¢Re*?), for an arbitrary
linear flow is a formidable undertaking. The structure of the disturbance field in
the outer region depends crucially on the topology of the imposed flow. In contrast,
in the inertialess limit, a drop always induces a disturbance flow that is similar in
structure, but opposite in sense, to the ambient rate of strain. The analysis in this
paper is thus restricted to simple shear flow. A second difficulty arises because an
arbitrary steady linear flow is not an exact solution of the Navier—Stokes equations.
Steady linear flows that satisfy the Navier—Stokes equations are devoid of vortex
stretching. Inclusion of the latter necessitates either an unsteadiness on a time scale
of O(y~') or higher-order terms in the spatial variation (see Stone et al. 2000; Vivek
Raja et al. 2010). Since the outer velocity field relaxes on a convective time scale,
however, the quasi-steady approximation must break down, at O(¢pRe?), for the case
of an unsteady ambient flow. On the other hand, if the ambient flow must remain
steady, the additional nonlinear terms (that balance the vortex stretching at leading
order) become comparable with the linearly varying part in the outer region, and
a consistent calculation, at O(¢Re*?), must therefore account for contributions to
the outer velocity field arising from such nonlinear corrections. Clearly, unlike the
O(¢Re) analysis detailed in Vivek Raja et al. (2010), the O(¢Re’’?) analysis depends
on details specific to a particular ambient flow, and is not readily generalizable.
Furthermore, the longer length and time scales associated with the disturbance flow
in the outer region imply that factors such as a drift velocity arising (due to either
inertia or drop deformation) become more important; these may even lead to an
inhomogeneous number density field over longer time scales, bringing into question
the utility of a rheological calculation based on a homogeneous suspension. However,
recent simulations (Wang et al. 2009) have shown that, even in unidirectional flows
such as those that occur in a pipe or a channel, the balance between a transverse
drift and hydrodynamic diffusion leads to a stationary inhomogeneity only on length
scales much larger than the inertial screening length. Since any unidirectional flow
may be locally approximated as a simple shear flow, the rheological response, to
O(Re*?), of a homogeneous suspension subjected to a simple shear flow becomes
relevant in these instances. An analysis of micro-scale inertia remains important for
reasons other than its rheological relevance, however, and a discussion in this regard
appears in the conclusions section.

This paper is organized as follows. In § 2, we obtain the Fourier-transformed velocity
field in the outer region that is central to the bulk stress calculation. Then, in § 3, we
derive an expression for the bulk stress, accurate to O(¢Re*?), in a dilute emulsion
subjected to simple shear flow. The two principal contributions to the bulk stress, viz.
the O(Re*?) correction to the stresslet associated with an isolated neutrally buoyant
drop in a simple shear flow, and the corrections to the Reynolds stress integrals at
the same order, are obtained in §§4 and 5, respectively. Section 6.1 is devoted to a
collation and discussion of prior numerical results, particularly those available for
an infinitely dilute emulsion of unit viscosity ratio, and their comparison with the
present theory. In the light of the general paucity of numerical results, particularly
as a function of the viscosity ratio, in §6.2, we present new results for the finite-Re
stresslet components over a wide range of viscosity ratios. The stresslet components
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are obtained from a finite volume simulation of a spherical drop centred within a
much larger spherical domain outside of which the ambient simple shear flow prevails.
While conforming to the theoretical estimates at small Re, the computed values extend
up to Re~ 10, and thereby allow the development of empirical fits over the range
of Re examined. Finally, in §7, we comment on the directions in which the present
analysis may be usefully extended, so one may obtain greater insight into the effects
of inertia at the micro-scale, and the manner in which these couple with macro-scale
flow. The results for an inertial suspension in all the above cases are obtained in a
straightforward manner by taking the limit A — oo.

2. The Fourier-transformed velocity field in the outer region

For particles or drops moving in an unbounded fluid domain, the limit of weak
inertia is a singular one (for instance, see Proudman & Pearson 1957). The exterior
Stokes velocity field for a neutrally buoyant drop in an ambient simple shear flow,
obtained by setting Re = Re =0 (here, Re =ya’p/j1 is the Reynolds number based
on the dispersed-phase viscosity [i), is not a uniformly valid approximation at any
finite Re however small. The approximation breaks down for distances from the
drop larger than an inertial screening length that, for a simple shear flow, scales as
O(aRe™'?). The leading-order velocity field in this outer region satisfies the linearized
Navier—Stokes equations instead, the convection by the simple shear being included in
a linearized form. It is shown in the next section that the above non-uniformity affects
the bulk stress at O(¢pRe¥?). Since the drop appears only as a point-force dipole on
length scales of the order of the inertial screening length, the stress calculation may
be carried out in Fourier space. In what follows, we obtain an expression for the
Fourier-transformed outer velocity field.

We scale distances by a, velocities by ya and stresses by wy, while continuing to
use the same notation for the resulting dimensionless variables. Thus, in the outer
region, r ~ O(Re~'/?), and the relevant scales for the velocity and pressure fields may
be derived as follows. Since the Stokes velocity disturbance generated by a force-free
torque-free drop is O(1/r?) for r > 1, it is only O(Re) for r ~ O(Re™"/?). Comparing
the viscous and pressure terms, the corresponding disturbance pressure field must be
O(Vu) ~ O(Re*?). Defining the re-scaled variables in the outer region as r = Re /% p,
u'=Reu, and p’'=Re*’p,, one obtains the linearized Navier-Stokes equations and
the equation of continuity in the following dimensionless form:

_4n(5A+2)
3+ 1)
vV, u,=0, (2.2)

where I' =11, is the transpose of the velocity gradient tensor in simple shear flow,
and E= %(I‘ + I'") is the rate-of-strain tensor, A being the viscosity ratio; here, 1, 2
and 3 correspond, respectively, to the flow, gradient and vorticity directions of the
ambient simple shear. We have followed Saffman (1965) in replacing the matching
condition (to the inner expansion) by a point-dipole forcing at the origin in (2.1), the
constant of proportionality being the familiar stresslet coefficient that characterizes
the response of a neutrally buoyant drop in a linear flow in the absence of inertia (see
Kim & Karrila 1991; Leal 1992).

The finite size of the drop now being irrelevant, the analysis for the outer velocity
field may be conveniently carried out in Fourier space. Using (2.1) and (2.2), we
write down the Fourier-transformed equations of continuity and motion. Defining the

T u,+(Tp)Vou,=—V,p,+Viu, E-V5(p), (2.1)
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Fourier transform as f(k)= [ e *# f(p)dp, one obtains

_4mi(5A+2)
3.+ 1)
k- i, =0. (2.4)

ra,— (I k) Vi, =ikp, — K, E-k, (2.3)

In the limit k> 1, convection by the shear flow becomes unimportant at leading
order, and the solution of (2.3) and (2.4) reduces to the inertialess disturbance field
induced by a point dipole, satisfying

L 4mi(54+2)
_p2pad _ PV A e
Ki' == E K, (2.5)

k-l =0, (2.6)

ikp?

in Fourier space. Since we are interested in the inertial corrections to the
bulk stress in a dilute emulsion, and not the Stokes contribution that leads
to the Taylor viscosity (see Schowalter et al. 1968; Frankel & Acrivos 1970),
it is convenient to remove the singular stresslet contribution from the outer
velocity field. In a manner similar to Stone et al. (2000), we therefore define
w(p)=u,(p)—u(p), p*(p) = p.(p)— p?(p), and the equations satisfied by the Fourier-
transformed variables, & (k) and p*(k), may then be obtained from the difference of
the equations governing [i,(k), p,(k)] and [a°(k), p?(k)] above. Thus,

F-a —(r'k)-Vidt" =ikp” —k*a" — T -2+ k) - Vi, (2.7)
k-a" =0. (2.8)

Furthermore, using the projection operator (I — lAclAc) together with (2.8) to eliminate
the pressure from (2.7), one obtains

r-a"-(I—2kk)— (' k) Vit +k*0" = —T -2 (I —2kk)+ (" k)- V¢, (2.9)

where k —k/k is the unit vector in Fourier space. The terms involving @“(k), rather
than the original singular forcing, now act as forcing terms in (2.9). Using the
Fourier-transformed stresslet velocity field,

4mi(52+2) (E-k (E :kk)k
30+1) \ &2 “o )

a’ (k) = (2.10)

(2.9) takes the form

47i(54 + 2)
3(2+ 1k

+ (" k) (E—2k(E-k)+ (E-k)k — (I — 4kk)(E : kk))], (2.11)

[ (I —2kk)— (T k) Vil + k28" = [ - (E-k — (E : ki)k)

for a general linear flow. Finally, using the expressions for I' and E for simple shear
flow, one obtains

o 2ki .. .. .
kla—kz—i-ﬁkuz—uzll—kzu =

(2.12)

8ni(5&+2)< B K, )
- 1,).
kS K

2
3+ 1) e+
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The individual components along the flow, gradient and vorticity directions are given
by

oy o 2k? oo ST(5A 4 2) kik3
laikz_k ul:_<k2_ “2—73(14_1) %6 (2.13)
3y (ks 5\ .. 8W(5A+2) kK2ky(kP + k2)
e < oK)= o (2.14)
dil} . Qkiks ., SWi(S5A 4+ 2) k¥k3ks
k= — ki = — - 12273 2.15
Yok, 2T T30001) ke (2.15)

PR

The equation governing the gradient component, i3, is decoupled from the others,
and may therefore be solved first. Expressions for &} and &5 may then be obtained
in terms of #5. In (2.13)—~(2.15), one may identify a ‘simple shear flow’ in Fourier
space too, given by @"“(k)=k;1,. This simple shear flow is orthogonal to the one
in physical space (u® =x;1;), and the orthogonality arises because the wave vector
is oriented normal to the wave fronts, the latter being rotated by the shear flow in
physical space. The Fourier-transformed velocity components are convected by this
flow, and the characteristics of the above system of first-order differential equations
correspond to the streamlines in Fourier space. A characteristic or a streamline is
defined by k) =k, + ks, where s is a time-like variable; thus, k, is the initial position
on the streamline, and (k5 — k) is the distance travelled along the streamline in a time
s moving with velocity k;. The solutions for the individual components, 5, i} and i3,
may now be written down in terms of s as follows:

8mi(54+2) [~ d k12 (k12 + k%)(kz + sky) e—(k2s+k1kzs2+§k]2s3)

(k) = — : (2.16)
2 32+ Dk S, (kz + 2kikos +k%s2)2
2" (k) dmi(SA+2) [~ d I3 (ky + skp)? e—(Ps+hikos®+1kds?)
u = s
1 3A4+1) Jo (kz + 2kikys + klzsz)3
«© (k2 + 2k1k2S —+ k%s2 — 2](%) e*(kzs-‘rk]kzsz-k%kfﬁ) .
- /o » (2 + 2kikos + K3s?) itk ke + ki, k).
(2.17)
A*(k) 8751(52 + 2) © d k%k3(k2 + sk; )2 e*(kz‘v+k1k2s2+%k12s3)
u = Ky
! 341 o (kK2 + 2kkas + k2s2)?
*© kiks e~ (s +kikas+3kis%)
d i5(ky, ky + sk, k3). 2.18
+A s (k2+2k1k2s+k1252) u2( 1, K2 SK1 3) ( )

Here, the s dependence of #; inside the integrals in (2.17) and (2.18) has been made
explicit by way of its arguments. The limiting form of the inverse Fourier transforms of
(2.16)—(2.18), in the matching region (1 < r < Re~'/?), will be used in §4 to determine
the stresslet to O(Re*?). The full expressions enter the Reynolds stress calculation
in §5.

3. The bulk stress in a dilute emulsion subjected to a simple shear flow
The expression for the non-dimensional bulk stress in an emulsion of neutrally
buoyant drops subjected to an ambient linear flow, u™ =T - r, is given by

E,‘j = —p,5,~j + 2Eij + Eﬁd) (31)

ij
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where p, is an arbitrary isotropic pressure, the second term is the deviatoric stress
in the Newtonian suspending fluid, and Ei(]fi) is the excess stress due to the dispersed
phase. In Vivek Raja et al. (2010), it has been shown that the excess stress in a dilute
non-interacting emulsion with volume fraction ¢ may be written in the following
form involving integrals of dynamical quantities related to an isolated drop in simple
shear flow:

an
15

1 3¢
{2(01‘”_/ + ojri)nge — (uin; + ”f”i)} dA + ERe <

+/ Ly dl‘-l-/ Ljpryu; dr—/ uiu'; dr>. (3.2)
Va Va V—Va

Here, A denotes the external surface of an isolated drop, V, denotes the volume of
the drop and (V —V,) denotes the exterior (infinite) fluid domain. Only the first term in
(3.2), the stresslet integral (S;;) survives in the inertialess limit, leading to the familiar
Taylor viscosity (Taylor 1932). The remaining terms arise only for non-zero Re, and
may therefore be termed the direct inertial contributions. Vivek Raja et al. (2010)
derived the O(Re) correction to the leading-order Stokes velocity field in the inner
region using a regular perturbation expansion, and thereby, the correction to the

s _ 39

) — T
i 4TC A:,' i Jj

stresslet at the same order. Writing the stresslet as S;; = SS-)) + Re Si(}) + S’l-(f), and using
their results, we have
ij (/1 T 1) ijs ( . )
4322 +32+1) (43% + 364+ 8)
s — Qi Evi — Ein S ExEyi |, 34
i ( o1 SenE = Busly) + ——rm o Bk (34)

with S’sz) denoting the higher-order contributions (that is, smaller than O(Re)). Using
(3.3) and (3.4), (3.2) takes the form

@ _ (52+2) 432 43041)
W = 2 LR —Re |~ (QuEy; — EiS2
5] (i—}—l) i 9(/1_}_1)2 ( ikkj ik kj)
(4372 + 36/ + 8) o 36 (4 ,
BGre Lk 85 g Re {15 Tl + y Tyrd; dr

+/ Tjryu, dr—/ uiu'; dr). (3.5)
Vo o V—Va

d

The Reynolds stress integrals and §% in (3.5) remain to be evaluated. At leading
order, the Reynolds stresses may be evaluated using the well-known expression for
the Stokes disturbance velocity field, &' ©(r)u® — I - r, with u© given by (Leal 1992)

u®r)y=r-r

_< (57 +2) 5

20+ 15 20+ 1)r7> r(E:rr).  (36)

N

This leads to contributions to the bulk stress at O(¢Re). Writing the disturbance
velocity field as w' =u'® + Re u') in order to formally separate stress contributions
arising from the Stokes and inertial parts of the velocity field, the expression for the
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dispersed-phase stress becomes

5442 4372 +32+1)
50— [P g, (0PI o b poo
i ¢ |: ()u—f—l) ij 9(/1_'_ 1)2 ( ik Ckj ik kj)
(4322 + 364 +38) 3 41 Lo
+ 354+ 1) EiEy; | + ERe Efikpjk +/Vd Ligru; dr

+/ Ty dr —/ u;“”u;(‘” dr) —1—3‘}?
Va V-V,
3
+ R’ </ Fyreu; dr +/ F/‘krkui(l)dr>
4rt v, v

3 3
— —Reé? uOul) dr + uVu O dr ) — —=Ré? uVu'l dr|.
ir i P in i
V—V,; V-V, V—Vu

(3.7)

The direct inertial contributions have again been evaluated to O(¢Re) by Vivek Raja
et al. (2010) and are given by

3 [4n
-— ( E-krjk +/ Fikrku’i(o) dr +/ ijrkug(o) dr —/ ug(o)u’j(o) dl‘>
4mt \ 15 v, ' Va 7 '

e 1 254427 245142 32

X EikEkj]‘ (38)

Combining (3.8) with (3.7), the dispersed-phase stress takes the form

" (54+2) 4322+ 34+ 1) 8/
o= E;—Re| """ " N QuE, — Ex$4) — ——————Ey Ey;
ij ¢ |: (l-{—l) ij 9(/1+1)2 ( ik Ckj ik kj) 35(2_{_1)2 ik Ckj

~ 3
+ S}f) + —Re’ (/ LV dr —1—/ irauY dr)
4r 7 Vy

3 3
— —Reé’ </ ug(o)u(jl)dr —I—/ ugl)u’j(o) dr> — Re3/ uﬁ”u&”dr].
4n Vv, V—V, 4n V-V,

(3.9)

The validity of a regular perturbation expansion, to O(Re), in a region around the
drop of the order of its own size, implies that the correction to the integrals over
the drop volume in (3.9) is O(Re?). The correction to the leading-order estimate
for the integral over the unbounded fluid domain is, however, larger than the
formal scalings indicated; it is O(Re*?), this being related to the breakdown of the
regular perturbation at distances of O(Re~'/?). To see this, we note that in a regular
perturbation approach, u'), at O(Re), satisfies the inhomogeneous Stokes equations,
—Vp + V2u) =4 - vu©. For r>>1, V’u = (I - r)- Vu'?, with ' ~ O(1/r?).
Thus, uV) ~ O(1) for r > 1, the failure to satisfy the far-field decay condition again
being a signature of the aforementioned non-uniformity. With «® ~ O(1/r*) and
u~0(), [uOuVdV ~O(R) and [uDuVdV ~ O(R?), when integrated over a
domain of size R. The divergence with domain size is cutoff on using the correct
outer solution obtained from the linearized Navier—Stokes equations. Since this cutoff
occurs at the inertial screening length (R ~ O(Re™"/?)), [u'OuV)dV ~ O(Re™"/?) and
[uVuMdV ~ O(Re /%), respectively. As a result, all Reynolds stress integrals over
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the exterior fluid domain in (3.9) contribute at O(¢pRe¥?). This Reynolds stress
contribution has been overlooked in the two earlier calculations referred to in the
Introduction, viz. Lin et al. (1970) and Stone et al. (2000).

Since the dominant contributions to the Reynolds stress integrals arise in the outer
region, it is natural to use the outer variable p = Re'/>r. Writing the disturbance
velocity field as u'(r) =u'"(r) + Re u’(p) (the components of u*(p) are given in §4;
see (4.1)—(4.3); only the Fourier-transformed velocity components, i} (k), are needed
in the Reynolds stress evaluation), the dispersed-phase stress takes the form

N (5.+2) 4322 +3.41) 8/
= E.: — —~ = . E.—E.Q2,.)— —— _E. E,:
ij d) |: (;\.—i_l) ij 9(/1_'_1)2 ( ik Ckj ik kj) 35(14_1)2 ik Ckj
T 3 ’ * * ’
X S}J?> — HREUZ (/ ui(O)(r)uj(p)dp +/ Mi(p)uj(())(r)dp>
V-V, V—Vy
3 * *
— 4Re3/2/ ui(p)uj(p)dp] + O(¢Re?). (3.10)
T V—V,

Furthermore, we note that ' (r) ~ Re u?(p) + o(Re) in the outer region, u¢(p) being
the singular dipole velocity field expressed in outer variables; and that the volume
of the drop V, is only O(Re*?) in units of the inertial screening length, and may
therefore be neglected. Thus, the integrals over (V — V;) may be extended to include
the volume inside the drop with an error of o(Re*?), and one obtains

@ _, [GA+2) B4+ oo 8
Eij ¢ |: (i+ 1) Elj Re 9(/'{_{_ 1)2 (QlkEk] Elek,]) 35(A+ 1)2 ElkEk,l
~ 3 % % * *
+30 - LR ( [tttoni o)+ i o1io) + i o) dpﬂ + O(gRe).
(3.11)

With the finite size of the drop neglected, the analysis may be done in Fourier space.
Using the convolution theorem to transform the Reynolds stress integrals, (3.11) takes
the form

W _y[CA+2) o (4B2+B+ o o 8
ij _(P |: (;u+ 1) El./ 9(/1_’_ 1)2 (thEk,] Ethkj) 35(/14_ 1)2ElkEk]
T2 3Re*? ad A AxTNAd o A 2

+ 85— 397 /{ui (—k)it; (k) + i; (k)i (—k) + ; (—k)it;(k)} dk |+ O(pRe”),

(3.12)

with
s 4mi(54+2) (E-k  (E :kk)k
wik)=—="1 e Z (3.13)

and the components of & (k) being given by (2.16)—(2.18). Since both u(r) and u(r)
are odd functions of r in simple shear flow, their transforms are odd functions of k,
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and (3.12) may be written as

5/ +2) 4372 +31+1) 8

>@ = ( - PO T R B —En§2) — ——  E.LE,

ij ¢ |: (/1_1_1) ij 9(1-’-1)2 ( ikkj ik k]) 35(/1_’_1)2 ik Ekj

~ 3Re?
3° 4

Y 32mt

+ </{ﬁ;l(k)aj.(k) + i} (k)i (k) + a; (k)i (k) } dk)] + O(¢pRe?).

(3.14)

The stresslet coefficient, S(z), is also 0(Re3/2), and to see this, we note that, for
distances much smaller than an inertial screening length (p < 1), the outer velocity
field, corresponding to a point-dipole forcing in simple shear flow, may be written in
the following general form:

u'(p)+)_G"(p)|. (3.15)

limu,(p) = Re
p0 i=0

where G"(p) denotes a homogeneous vector function of degree i. Expressed in inner
variables using p = Re'”’r, G”(p) remains unchanged, while succeeding terms are
smaller by O(Re'/?). Thus, Re G'(r) must match up to the O(Re) correction to the
Stokes velocity field, while the term Re*?G"(r) determines the next correction in
the inner region, and hence, 5'(2). One may therefore write 5'(2)=Re3/ 28@ and the
resulting dispersed-phase stress is given by

@ (524 2) 4322 +34+1) 84
@ = Ei—Re[ X2 T2 T o B — En4) — —— Ey By
ij ¢|: (}v+1) ij e 9(/1_'_1)2 ( ik Ekj ik k]) 35(1_’_1)2 ik Lkj

4 ReM? {Sff) i % (/{g;!(k)ﬁ;(k) + i; (k)ia (k) + a7 (k)i (k) } dk> H

+ O(¢pRe?). (3.16)

The O(¢Re?) correction now includes both the corrections to the stresslet integral
and the Reynolds stresses. The O(Re*’?) stresslet coefficient, S, is calculated in the
next section, while the Reynolds stress integrals are evaluated in §5. We also note in
passing that the Fourier integrals to be evaluated in the succeeding sections, in order
to characterize the O(Re¥?) correction, are independent of the viscosity ratio, and
therefore remain the same both for a rigid particles and drops. As will be seen, the
entire dependence on viscosity ratio, at O(Re*?), appears in a pre-factor of the form
(52 +2)?/(4+ 1)~

4. The O(Re’?) correction to the stresslet

In this section, we determine the O(Re*?) correction to the stresslet using the
limiting form of the outer velocity field in the matching region. The velocity field,
u"(p), in real space may be obtained formally by inverting the expressions (2.16)—
(2.18) derived in §2. In order to obtain the velocity field in the inner region, to
O(Re*?), we need only to examine the limiting form of @ (k) in the overlap region.
With the finite size of the drop being neglected, the overlap region in Fourier space
merely corresponds to the limit k> 1. One expects convection along a Fourier
streamline to become unimportant in this limit, reflecting the local nature of the
Fourier space forcing for dominant viscosity. This is seen from (2.16)—(2.18), where
for k — oo, the exponential kernel in the integrals becomes increasingly damped, and
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the dominant contribution to the integrals is restricted to an asymptotically small
interval, s ~ O(k2), along the streamline. Using this estimate, it may be shown that
the only s-dependence in the integrands that needs to be retained at this order is
the one in the exponentlal kernel now approximated as ¢ K%+ the resulting integral
over s is trivial: [ e ~k%s ds = 1/k2. Thus, the leading-order approx1mat10ns for the

components of the outer velocity field, u*(p), in the overlap region 1 < r < Re '/,
are given by

. 1 8mi(5442) / tep Ko (K3 + K2)

_ dk eike K1K2WKT T X5) 4.1
1LP) = = GmF 3G+ D) © Ko (41)
. 1 8mi(57+2) 2 k3

- i 4.2
“P) = 5 30+ D) / dke™ =5 (42)
. 1 8mi(54+2) KKk

— dk e 43
u;(p) a0F 3G+ D) e P (4.3)

where we have also neglected the integral terms involving i that enter the expressions
for @] and u} since they only contribute at O(Re*’?). The above approximate
expressions for the leading-order inverse Fourier transforms may further be written
in the form

.o 1 8rmi(54+2) 9° 02 02

”“”_mﬁw+wwmbﬁﬂdﬂm 44

L1 Smi(5A+2) 80 9

”1(")_(275)3 30+ 1) ap 902 Flp), (4.5)
1 8mi(51+2) 92 82

wi(p) = — BHOAT T 9 0 L) (46)

Qn)} 32+ 1) 9p ap2 aps

where F(p) is the inverse Fourier transform of 1/k®, and satisfies (V)'F =5(p).
Furthermore, it is seen from equations (4.1)—(4.3) that the velocity field in physical
space must be a homogeneous function of p of degree zero. This then corresponds to
retaining only the particular solution for F; thus, one is led to the following sequence:
(V2)*F =68(p), (V2)’F =—1/4np, (V3)*F =—p/8n, and so on, until F = — p°/96(30m).
Using this in (4.4)—(4.6), and carrying out the differentiations, one finally obtains

(5442) p
72(A+1) p°

oy = D oo
W= 0 1) o8

(54+2) p3 (ot
204 1) p°

us(p) = (pip3 +4p3 +3p3 + 3pip3 +70303), (4.7)

uy(p) = — + 0103 + p3p3 + 301 03), (4.9)
at leading order. Note that the terms above really represent the O(Re) corrections to
the leading-order stresslet field, u?(p), in the matching region; the latter contribution
was subtracted from wu,(p) when defining u*(p) in order to isolate the inertial
corrections. For purposes of comparing our results thus far with an earlier analysis in
Vivek Raja et al. (2010), we now write down the limiting form of the full outer velocity
field in the matching region, to O(Re), and expressed in terms of inner variables. One
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obtains
lim u'(r) =Relimu,(p), (4.10)
1<r<Re 12 p<l
=Re(u’(p) + lim u'(p)), (4.11)
E
— Re ;M + lim u (p)} (4.12)
_ 5r(E:rr) (5/1+2) 2 /5 5 4 4
=-3 P +Re72(/1+1) [—(1r2+4r2+3r3
+ 3r1 r3 + 7r2r3) 1, — — (2r1 + 3r3 + 5r1 rz + 3r2r3 + 5r; r3) 1,
— % (r3 —l—rlr2 —1—r2r3 + 3r1r2) ] + O(Re3/2), (4.13)

where we have used the expression for the stresslet field in physical space The above
expression is identical to the limiting form, for r > 1, of the velocity field obtained by
Vivek Raja et al. (2009) via a regular perturbation expansion, to O(Re), in the inner
region. The identity of the two expressions for simple shear flow confirms the regular
nature of the O(Re) inertial correction. As shown by Vivek Raja et al. (2010), the
structure of the regular perturbation expansion remains unchanged, to O(Re), even
for a general ambient linear flow, implying that the O(Re) inertial correction must
continue to have a regular character in this case.

The identity of the results, to O(Re), obtained here and in Vivek Raja et al. (2010)
implies that despite the regular perturbation expansion being valid only to O(Re),
and only in the region r < Re™"/?, it nevertheless yields the correct inner velocity field
to this order. Thus, rather surprisingly (from the perspective of a matched asymptotic
expansions approach), a solution of the linearized Navier—Stokes equations in the
outer region is not needed at this order. This situation is, however, peculiar to a
neutrally buoyant drop in an ambient linear flow, and is not true, for instance, in
the simpler case of a drop translating in a quiescent unbounded fluid domain. The
difference arises because, in the translation problem, the velocity field at O(Re) (where
Re=aU/v, U being the translation velocity) includes both a particular integral and
a homogeneous solution. Although the O(Re) particular integral obtained fails to
satisfy the far-field decay condition, in a manner similar to the linear flow case,
it does not lead to a drag. Thus, the well-known Oseen correction to the Stokes
drag arises from a homogeneous solution forced by the outer velocity field obtained
from solving the Oseen equations (valid in the region r ~ O(Re™'), this being the
inertial screening length for the translation problem). For an ambient linear flow,
however, the O(Re) particular solution yields a non-trivial contribution to the
stresslet and additional homogeneous contributions are excluded on grounds of
symmetry.

A situation similar to that given above, for a translating drop at O(Re), prevails at
O(Re*?) in simple shear flow. The inner limit of the outer solution at this order acts
as an ambient linear flow for the inner region, and the correction to the stresslet is the
familiar inertialess response of a neutrally buoyant drop to this linear flow (arising
as a homogeneous solution of the Stokes equations). Thus, at O(Re*?), the outer
solution must reduce to the form Re*’*(r - A) in the matching region, and the analysis
below determines the elements of the velocity gradient tensor A. We begin with (2.16),
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the expression for u5(p), which is the least cumbersome:

us(p) =

1(5A+2) /d lkp/ d kZ k2 +k2)(k2—|—sk1)e k2Y+k1k7€2+ k2 3)
3G+ 1) (k2 + 2kikas + K252)° '

(4.14)
As already seen, the leading-order approximation for u;(p) was obtained as the
inverse Fourier transform of #5(k) in the limit k> 1, leading to a term of O(Re)
in the matching region. However, carrying out such a large-k expansion to second
order, in order to isolate the next inertial correction, leads to a divergent integral. In
particular, one obtains

k)

limus(p) ~ — 0+ +2) /dk ""’/ o R+ Rk sk e (1 — kakos”)
el 2 C3n2(A+1) y (1 N 2k1k2s>
k2
(4.15)

kika (kT +K3) 4. ki(ki+&3) (1 6k3\ 4
/d"kxe p+/dkk6<k4_k6)e S

_i(54+2)
T3+ 1)

(4.16)

where the first term leads to the O(Re) correction analysed earlier, while the second
term leads to a divergent integral in the limit of small p. Specifically, for p < 1, this
integral takes the form

Kk +k) (1 6k3
/dk(1+ ik - p)Q (H—k62>

3(12 2
zi/dk(k.p)kl(klw <1_6k%> Np/dk (4.17)

ko k* kS k%’

where the contribution from the leading-order term in the Fourier exponential yields
an odd integrand, and therefore integrates to zero. The divergence arises because of
the lack of a reciprocal correspondence between the limits in physical and Fourier
space beyond O(Re). In order to obtain a convergent result at the next order, we
need to take the limit p < 1 rather than k> 1. In the latter instance, one may always
expand the exponential kernel in the Fourier integrals, thereby obtaining a local
relation between a Fourier-transformed velocity component and the corresponding
component of the projected point-dipole forcing. However, physically, the singular
nature of the O(Re*?) correction implies that convection along a Fourier streamline
remains important, and the non-local nature of the forcing in Fourier space must
be accounted for beyond O(Re). In other words, the integral along the characteristic
coordinate s must be retained in its full form. We therefore proceed a little differently,
first extracting the O(Re) correction from the exact expression for the Fourier
transform:

hm uy(p) =

’

i(54.42) / = / ds I (k2 4 3) (K + sky) e~ (s thks™+3kis")
REEaT (k2 + 2kikos + kis2)
(4.18)
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i(5242) / " kiks (ki + k3) o 4 lim i(5242)
C3m(A+1) Kk p<i 3M2(A+ 1)
y / & Kk (K +K3) / o (K K8 (ko sky) e rstatar s 1409 @19
? ke (k2+2k1k2s +kfs2)2 ’

where the small p limit is a redundant one in the first term, it being a homogeneous
function of degree zero. In the second term, one may now expand (only) the Fourier
exponential, and thereby, still obtain convergent integrals. Using (4.7) and converting
to inner variables, one obtains

: . (524+2) (5.+2)
e 50 = A gy (178 A i T R
e HE) T 7 (ko sky) e kKD
% k2 kS s 2 202
0 (K + 2kikas + k2s?)”

(4.20)

Even with the s-dependence included, the factor multiplying the Fourier exponential
in the integrand of the second term in (4.19) remains an odd function of k, and the first
non-trivial contribution in (4.20) therefore comes from the term of O(p)= O(Re'/*r)
in the limit p — 0. With the retention of the exact dependence on s in the exponential
kernel, the divergence with k, for k — 0, encountered earlier in (4.16) is no longer a
concern. Since s ~ O(1) for k ~ O(1), all the terms in the argument of the exponential
kernel become important once k ~ O(1), cutting off the divergence. In fact, it is
now seen that the earlier approximate form in (4.16), obtained by Taylor-expanding
exponential kernel about e %%, is only appropriate for k — oo, and the resulting
limiting form ensures convergence in the large £ limit instead. Using (4.20), one may
now write down the limiting form for the gradient component of the outer velocity
field in the matching region. Thus,

i 5r(E :rr) (54 42) ry
1<<rl<gllzle_1/2u02(r)=_§ rs +Re72(;»+1)r ( +4I"2 +3r3 +37’17”3 —|—7r2}"3)
Rty D[ )
3m2(A+1) K2
(K2s+kikys®+ 1 k2 53)
* ki_/ gellatatle —|. 4.21)
N

Arguments along similar lines applied to the expressions for u] and u3, that is,

i (5442 « 3 2 a—(k2s+kikos?+ 5 k3s?)
M’;(P) = /dkelk"‘J l&'[l(S-i—)/ dskl(kz +Sk1) € 341
0

1
(2m)* 3(+1) (K2 + 2kikas + k2s?)’
/ood (k2 + 2k1k2S +k12 2](2) —(k2s+kykas? +3 k %)
— A
0 (k% + 2kikos + k}s?)

;(kh k2 + skh k3) )

(4.22)
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1 8mi(54 + 2 kiks(k k)2 e—(Kis+hikas®+5kis?)
“g(/’)=3/dke m(—i—)/ ds ™ 3(ky + sky)e
(2m) 3(A+1) o (k2 + 2kikos + k%sz)

O Dkyky e Wsthikes’+3kis?)
+
/o ’ (k? + 2kikys + kis?)

iy (ky, ky + sky, k3)] ) (4.23)

yield the corresponding O(Re*?) corrections. The limiting form of the outer velocity
field in the matching region may be written down in the following succinct form:

. Sr(E:rr) 52+2) 30 (5A+2)
1 (r)=—-———"+Re——-B Re’? """ _(r- A), (424
i uo(r) = =5 e Re o Ty B A R s G (A (429)
where the components of the vector B(r) given by
Bi(r)= — —< (2r1 +3r 4 5rir3 + 3r3r3 + 51 r3) (4.25)
By(r) = —i (”1 r3 4 dry 4 3rf +3riri + 7r2r3) (4.206)
Bsi(r) = % (r3 + r1 r; + r2r3 + 3r] r22), (4.27)

characterize the far-field form of the regular O(Re) correction. It is worth reiterating
that B(r) is the limiting form, for » > 1, of the O(Re) velocity field obtained by Vivek
Raja et al. (2010) via a regular perturbation expansion. The components of A given
by

2 —(K2s+kikas+1k2s3)
A = /dkk;‘ kg—/ gs et sk e :
ko (K2 + 2kikos + k2s?)’

0 2 2.2 A2\ a—(K2s+kikos2 4 Lk3s?)
. dkkf(k% +k§) ds(k + 2k1kys +k1 2](1)6 30
(k2 + 2hykas + K252)

/ (k2 4 kl (S + s/)) e—[kzs k(s 42ss' )+ k3 (s +3s5”2+3s25")]
X ds’ ,
(K2 4 2kiko(s + 5') + ki (s + s/)z]

k3 (ki +k3) k k) e—(Ps+hikas?+5k3s%)
Au—/dk i / g5 kot sk et , (4.29)
k2 + 2kikys + kis 2)

Ay = / dk k3K / ds (k2+Sk1)2ef(k2Hklkﬂ2+ )
k2 + 2kikas + k2s2)
/ d (K? + 2kikos + kis? — 2k}) e~ Wsthkas™+5s7)
(k2 + 2kikos + k2s?)’
(ka4 ki(s +5')2 e (k25" +hi ko (s 4258 )+ L (s + 35572 +3525")]
) /o » (k2 + 2kika(s + ') + k3 (s + s’)z]

(4.28)

- / dk kiks (kT + k3)

, (4.30)
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2o (K2 + k2 o0 k k —(k2s+kikys2+1k2s3) k
22:/dk12(12+3) / gg e tske =21 @31
k 0 (k2 + 2kikas + kis?) k

2 k k —(k*s+kikys?+1kPs?)

Az3—/dkk2k3 9 / gsdat sk’
K Jo (K2 + 2kikas + K3s2)’
— | dk2kik; (ki +k / ds
SR A (k? + 2kikas + ks 2)2
’ (k25" +kika (s +255")+ k3 (s 4355”2 +35%57)]
/ d,k2+k1(s+s))e ’ 432)
[k + 2kiko(s +5') + k(s + s’)2}

Az =Ap=A3=A3» =0, (4.33)

characterize the singular O(Re*’?) correction. Here, the nested characteristic integrals

in Ay, Ay and Aj; arise because both u] and u; involve an integration of u)
along a Fourier streamline (see (4.22) and (4.23)), and the latter involves a second
characteristic integral.

The disturbance velocity field at O(Re*?), in the inner region, is now readily
calculated as the inertialess disturbance field induced by a neutrally buoyant drop
subjected to an ‘ambient’ linear flow given by u® = Re*/*{(5/. + 2)/[3n*(2 + 1)]}(r - A).
Thus, in contrast to the rather cumbersome algebra involved in obtaining the O(Re)
inner velocity field, the O(Re*?) analysis only involves knowledge of a well-known
Stokes solution (see Leal 1992), once the elements of A are determined. One may now
write the velocity field in the exterior fluid domain, in the inner region, to O(Re?)
as

u(r) = u'(r) + Reu"(r) + Re’*uC(r), (434)
where
O =T-r——* _E. _<(5ﬂv+2) 5 ) .

=G B s s T aga o )IET 6

Oy = Br+2) i, ABi+2) .

=300t T e s AT

(5142 [ (54+2) 50 .

_6#u+4><ﬂn+nﬂ‘gu+4yJ’“A+A)””v (4.36)

and the general form of the regular correction, u"(r), derived in Vivek Raja
et al. (2010), is reproduced here for the exterior fluid domain:

1
u(r) = 1iﬂfn+02_%a+m_fiyp”w+<01_&v

(44 4rlt = 2710 4p% 0 3p8 0 12r 1872 32r8
Ce Cy4 c7 3¢, cg c4
L. S r-rr\ T - — L

T T 36 25 T e 3>( ) er)+ (18 9T 328 T 7T 366

7 3¢ o Scq  cro Cs
L 2\(r: rt. =z = _ 29
T )( rofITr) + (36r9 T Tor B 36r3>
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(&1 3¢, co+ iy 5S¢y
r- (I - — —
X(Ler)e(For)r+ (18r9 16rs "7 18rS

c 3¢ e S 010 -
S e S Mt s i rt-xy-(rf-
(36r9 328 T T 36r6 36r 3) (Fter)- (P rr

+ 1§5r3>(r-r)-(r*-r)r

* ( 126r7 32r CN + 32‘;4 ;3(—;31 + ;i) r-(r-r
( 126r7 32r _% 324 o +9 )FT (T'-r)
( 126r7 32r _% 324+%—1%)r.(ﬁ.,)
" < 357 4§2r - 0122;613 1214 - 3C65r>(r '+ T 3’")’} (4.37)

The constants ¢; in (4.37) are functions of the viscosity ratio and have been defined in
Vivek Raja et al. (2010). For r > 1, (4.37) reduces to B(r) as defined by (4.25)—(4.27).

We again emphasize that the only difference between the Stokes disturbance
field and that at O(Re?) is the ambient linear flow. In the former case, it
is the actual imposed flow, I' - r, while in the latter case, it is the ‘ambient’
flow, [(54 + 2)/3m*(Z+ D)](AT + r), set up by the outer field in the overlap region
overlap (1 < r < Re™/?). The expression for the O(Re*?) correction to the stresslet
is immediate. The stresslet for a neutrally buoyant drop in a linear flow, I - r, is
S =(4n/3)[(5/. + 2)/(/ + 1)]E, and for the ambient flow at O(Re*?), this takes the
form Re*?(2/9m)[(54 + 2)*/(/ + 1)*](A + AT). Thus, §?, which appears in (3.14) for
the bulk stress in § 3, is given by

@ _ 2 (54 +2)?
It (A+1)2
Combining this result with the O(Re) correction to the stresslet derived for simple
shear flow by Vivek Raja et al. (2010)(see (3.4) in §3), one obtains the following
expression for the stresslet, accurate to O(Re?):
411(5) + 2)E 16m(34* + 34+ 1)
3(A+1) 27(A+1)?

41(432% + 364 + 8) 3, 2(57 + 2)?
E-E|+Re¥* "=
1050+ 1 ]+ onG A1

(A+ A" (4.38)

S =S89 + Re " + Re¥* S,

(A + A" + O(Re?),
(4.39)

x(2-E—E-2)+

where we again note that I' =11, and E= %(1112 + 1,1,) for simple shear flow; the
order of the next correction to the stresslet is also indicated in (4.39). It was noted
by Vivek Raja et al. (2010) that inertia, at O(Re), only alters the normal stresses in
simple shear flow, so that the shear component of the stresslet may be written as

2n(54 +2) 32 2(52+2)?
R=—F7— tRe""——=
3+ 1) on(i+ 1)

52+2) Re? (54 +2)?
244+ 1) 12n%(4 + 1)?

(A2 + Az) + O(Re?), (4.40)

(A2 + Az) + O(ReY) . (4.41)
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At O(¢pRe*?), the shear viscosity of a dilute emulsion becomes a function of the shear
rate.

We now calculate the elements of A. This calculation is clearly not a trivial one since
the elements Ay;, A;; and As; involve five-dimensional integrals, while A;; and Ay
involve four-dimensional ones. The multi-dimensional nature and the infinite intervals
involved make a direct numerical approach a difficult one; this may indeed have led to
the inaccurate results reported earlier for the O(Re*?) correction to the stresslet (see
Lin et al. 1970; Stone et al. 2000). We therefore first reduce the dimensionality of
integration to two by analytical means, before resorting to numerics. To begin with, we
reduce the nested characteristic integrals in Ay, A>; and As; to a single integral using
an integration by parts. For instance, consider the nested integral in the expressions
for A and Ay :

/@ o [ 2hrkas + Kfs? — 2kf) etk
0 (k2 + 2kikos + k2s?)’

0 q ,(kz +k (S + S/)) e—[kzs’+k1kg(s'2+2ss’)+%kf(s’3+3ss’2+3325’)]
S
/0 (k2 + 2kika(s + ") + ki(s +5)*]2

(4.42)

Defining a variable s” = (s + s’) allows one to combine the two exponentials, and the
above integral takes the form

e k2 + 2kikos + k252 — 2k2 o0 k kis” *[kZS"-Hqkzs”2+%kzs”3]
/ dS( 1K28 1 y 1) / ds//( 2+ ks )C 21 (443)
0 (k2 + 2kikos + k}s?) 5 (k2 + 2kikos” + k35
One may now integrate (4.43) by parts. Noting that
/ (k* + 2ki ks + kis? — 2k3) q K ! [ ket
s = _—
(k2 4 2k kos + K2s2)° ki (k3 +&3) ™ (k2 +43)""
ki(ky + k
1(ky + kys) (4.44)

(BRI (k+kys)]

one obtains

/ * g (K 2kikos + kis® — 2k7) / 7 ok ks eI R
\) )
0 (k2 + 2k1k2S + klzsz)z s [kZ + 2k1k2S” + k128”2] :

= /OC ds (ky + kys) e~ o hikas3kis’) K tan™! haths
0 k(K 2kikas +K32) k(K +K3) (K} +13)"

- ka ki [kz (ko + k15) }
— tan™! + —= — . 4.45
((k% + k%)”) K +&) & B+E+(k+ k) (445)
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For the nested characteristic integral in As;, one similarly obtains

/OC e*[k2s+klkzsz+%k1253] /OO ,(k2 + ki (S + S/)) e*[kzsl"rk]kz(S/2+2s’s)+%klz(s’3+3m/2+3szs/)]
o )

S
k2 + 2kikos + kis? (K2 4 2k ka(s + 5') + K3 (s +57)?]°
_ /oo ds (kz + k]S) ef[kzs-s-klkzsz-k%kfs-‘] n—l k2
0 (k2 + 2kikos + K2s2)° | (B2 +&2) (k2 +43)'"

ky +k k ky +k
~tant [ KR A [i __ (aths) ] , (4.46)
(K2 +12)" k2 kit + (ko + kis)?
Using (4.45) and (4.46), we now write all the non-trivial elements of A as four-
dimensional integrals:

2 0 2 A—(K2s+kikosi4Lk3s3)
Ay = /dkkf ké—/ ds(k2+Sk1) © 331
K Jo (K2 + 2kikas + kis?)

[k2s+kikos>+ 1 k253 2
o [t e | R ()
(kf +&3) (kf +&3)

k2 + 2kikys + kfsz)
_ k> ka (ka + kys)

[ — 2 )| 4|2 , 447

" ((k2 + kz)‘/2> T [k2 K3+ K3 + (ky + ks )2 (447

ki k2+k ky + sky) e~ Wsthikos®+3kis")
Au:/dk : / gs kot sk et , (4.48)
k2 + 2kikys + kis 2)

s /dkk3 / (k2+sk1)2 —(K2s+kikys?+ 1 k3 s3) /dk
21 =
k2 + 2k1k2S + kz 2

(kz +kis)e —[K2s+kikas?+ 3 k353 k2k§ . ks + kys
X 33 tan S o2
0 ki (kf +43) (kf +43)

(k2 + 2k1k25 + k2 2)
_ k> 3, | k2 (ks + k1s)

—tant [ — 2| 46k |2 - 4.49
o <(k12+k§)1/2> R |~ s ey | 44

kzk k2 k2 0 —(k2s+k1k252+1k]2s3)
Ay = /dkﬂ(ﬁs) / ds kot ski)e k) (4.50)
k2 o (K + 2kikys + k2s2)2 k®

2 a—(kK2s+kikas®+1k3s)
Ay = /dkk2k3 ) _/ ds(k2+Sk1) e 1k2 /dk
(k2 4 2kikys + kis?)

. k + k ei[k2S+k1k2y +§k%‘ 3] .
X/ dS( 2 5 ls) = k%k%(kf-}-k%)l/z tan_l ﬁ
) (k +K3)

ks — (k2 + k]S) :H

~ tan! (k2 + kys) ky
(kf + k%)l/z k2 kP 4k 4 (ko + kys)?

It becomes convenient now to change spherical coordinates with the polar axis
along the gradient direction of simple shear flow. By defining k; =k sin6 cos¢,
ky=ksinfsin¢ and k, =k cos@, 6 being the polar angle and ¢ being the azimuthal

172

+ kik3 (ki + k3) [

(4.51)
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angle in the k;—k; plane, the resulting integral over k is of the general form
[, k*e=** dk, which is, of course, readily evaluated, giving J1/4a*?. Using this
result, and the symmetry of simple shear flow, one may now express the elements of
A as three-dimensional integrals:

v+t v-t
Ay —\/>/ dt/ d¢{ (1— 2)2COS (P/ = l 12— 2[33/2 + a2ﬂ3/2‘|
aypy =pb-
232 Y+ P T R
+ (1 —%)*? sin® ¢ cos® qS/ o l ) i/z <s1n t — sin oz+>
a . Y
+7azﬂi/2 <Sln 't —sin ]og):| }’ (4.52)
! K 232 V-1 122
D
. “ ds y. . .Y
2 i as + 1, 1 Y+
+t(1 —¢7)sin ¢cos¢/0 i Lt ﬂ%/z <sm t —sin a+)
_ ayiﬁ” <sin‘ ¢ —sin™! Va)] } (4.53)
£2)3/2 Vi 2
Asy —f/ dt/ do(1 — 1*)*’* cos qb/ = 257 _aiﬁi/z , (4.54)
0 2
Ar —\/>/ dt/ dot(1 — 2)2 cos ¢/ Pz [ 2/2 + a3J;z/2 —ZtZ] , (4.55)
i . Pods | oyt y_t
_ 2 2 2\2 + 2
A33——\/E/0 dt/o d¢ sin” ¢ cos ¢>{(1—t) /0 Wlai i/2+a3/33/2_2t]
“ ds y. . .1 Y
— 232 Bl + 1, _ 1 Y+
+(1—17) /0 ST Li i/z (sm t — sin a+>
V- . . V-
+W <s1n 't —sin la_)] } (4.56)

where r = cos 9, and

ar =142tJ1—12cosps + (1 —1?)cos® ¢ 52, (4.57)
2

ﬂi:1i2t«/1—tzcosqbs-l-(l—tz)cosqu%, (4.58)

yy =t ++/1 —12cosds. (4.59)

Note that the arctangents in the earlier expressions have been replaced by arcsines
above since this leads to a slight simplification of the argument. Finally, on defining
the variable § =./1 — r2cos¢ s, the integrals over ¢ may be expressed in terms of
Beta functions (see Gradshteyn & Ryzhik 1965). Using the result

/2
/0 cos® 2§ dp — 2 <(2n—|—3) 1>, (4.60)

4 2
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and that #(p,q)=T(p)I(q)/(p + q), the non-trivial elements of A may now be
expressed as double integrals in ¢ and §:

2./2 2 1
Ay =\fTiz/ de {7t(1 — 2 Jo(t) + 2(1 — £2) 1 Do (1)}, (4.61)
0
15\ (=
)]
1 2
G,
Ap =42ﬁ/0 dt {5221 — ) I _(t) + 2t(1 — )4 (1) }, (4.62)
1 2
o[r@)]
Ay =42ﬁ/ de(1 — )" (1), (4.63)
0
2 2 1
An =—6‘[nz/ dr 1(1— 1) Jo(1), (4.64)
sir(l 0
4
4./2m? 1
Az =\/>12/ dt {t(1 — )" Jo(t) — (1 — 7)* Doy (1)}, (4.65)
0
15\r(=
s[r(3)]
where
© ds
‘]O(l‘)z/0 )
< s — (t +5) B (t—7%)
A2\ 3/2 NNEZN
(1+2t5 +5%)2 (1+t§+s3) (1 — 215 4+ §2)2 <1—t§+s3>
(4.66)
© ds
Jli(t):/o )
" (r+5) (t—73)
52 3/2 — 5 32 32 |
(142158 +52)? <1+t§+3) (1—215+5?) (1—t§+3>
(4.67)
* ds (t+§) .1 .1 (Z+§)
Jzi(1)=/ YR —37 <sm t—sinT ——
o § (1+2t§—|—§2)2<1—|—l§—|—s32> 1+ 2¢5 +§2
(t—35) (.1 . (r=%)
Sin f —SIin —_——
- 52\ 1—2t5+52
(1 — 215 + §2)2 <1—t§+s3> V-5t

(4.68)
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The double integrals are readily evaluated using Gaussian quadrature, and the
convergence with respect to the upper limit in the inner s-integral is verified
by combining the numerical estimate for a finite interval in s with an analytical
approximation for large s. One finds

Ay =0.38, (4.69)
Ay = —0.64, (4.70)
A =0.83, (4.71)
Ay =0.19, (4.72)
Ay =0.26, (4.73)

which, together with (4.39), determine the stresslet to O(Re*?). The values of A;; given
by (4.69)-(4.73) show that, in contrast to the imposed simple shear flow, the linear
flow at O(Re*?) has a genuine three-dimensional character with vortex stretching.
It may be thought of as a superposition of a (non-axisymmetric) bi-axial extension,
with the extensional plane making an angle of about 23° with the flow-vorticity
plane (measured in the anticlockwise sense), and a solid-body rotation with a vorticity
vector opposing the ambient vorticity; the principal rates of deformation are —0.84,
0.58 and 0.26 in a coordinate system aligned with the rate-of-strain tensor.

Using (4.69)—(4.73), the stresslet in simple shear flow, to O(Re*?), is finally given

by

2n(54 + 2) 8n(322 +34+1)
=" "1, +1,1;)—R 1,1, — 1,1
3(;_1_1)(12-!-21) e{ 20+ 1) (111, — L1,)
(4322 + 364 + 8) 12 2(54 4 2)?
1,1, + 1,1 R =7 10.761,1, — 1.281,1
10501 1 172 (L1 + 22)}-1- e 9n(}u+1)2[0 61,1, 81,1,
+1.02(1415 + 1,1;) 4 0.521515] + O(Re?), (4.74)

and the O(Re*?) stresslet coefficient, in particular, is

2
§@ = M[O.%llll — 1.281,1, + 1.02(1;15 + 1,1;) + 0.521515] (4.75)
The components of S, in the limit 4 — 00, may be compared with the results of
earlier calculations. Since the isotropic part of the stresslet is of particular significance
in the infinitely dilute limit, the result (4.75) may equivalently be written as SS) =1.8,
(87 — 59)=3.61 and (S3) — $47)=—3.18 for A—o0. The corresponding results
of Stone et al. (2000) are 1.82, 3.34 and —1.56, and the O(Re*?) contribution
towards an N, appears to be in error. A closer examination of the plots given in
Mikulencak & Morris (2004), comparing the predictions of Stone et al. (2000) for
the stresslet components with the numerics, shows a significant overestimation of
(822—S33) on the part of the theory in a range of Re where (S1;—S) continues to be
predicted accurately. On the other hand, all the stresslet components given in Lin
et al. (1970) appear to be incorrect.

One may also calculate the angular velocity of a rigid particle, to O(Re*?), for
A —o0. The spherical particle must rotate at a rate equal to half the vorticity of the
imposed linear flow. The opposing vorticity vectors of the simple shear flow and the
linear flow field, at O(Re*?), imply that the particle slows down due to inertia; its
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angular velocity being given by

1 s (5A42)
2, = [—2 TR lim Gty A A 1

1
— [_2 +0.054Re¥? | 15, (4.76)

The above angular velocity correction was accurately calculated in Stone et al. (2000).

5. The O(Re¥?) contributions to the Reynolds stresses

Here, we present the results for the O(Re*?) contributions to the Reynolds
stress integrals in (3.16). The quantities to be calculated naturally separate into
two categories: integrals that are a bilinear functional of #“(k) and @ (k), and those
that are quadratic functionals of @" (k). Thus, defining

1 2

3 [ i + i) ac = ED g, (51)
5), 4+ 2)?

/ f; ()it (k)} dke = m 0. (5.2)

the direct inertial contributions to the dispersed-phase stress may be written in the

form
3 [4n
= < I“iijk+/ Fikl”ku/]«(o) dr+/ ijrkl/t;(()) dr—/ u;(o)u',-(o) dr>
4rt \ 15 v, : Vy V—Vy '

3Re3? (54 +2)?
o m(zR,, + Q). (53)

Employing a sequence of variable transformations similar to those used in the earlier
section to simplify the stresslet calculation, the non-trivial elements of R and Q,
respectively, may be reduced to the following two- and three-dimensional integrals:

4 1 1
Ry =¢2 {3/ dttz(l—t2)5/4K1_(t)—14/ dr 2(1 —2)’*K,_(1)
as|r (L ’ 3
4
1 4 1
—2/ dtt(l—t2)3/4K2_(t)+3/ dtt(l—t2)7/4K2_(t)}, (5.4)
0 0
1 2
16m° [p (4)] o
Ryr=Ry=—-+—"2= | — [ dre(1 =251 —13)"*K (1)
12 21 9 |:42/0 1+

1! 1!
_6/0 dtt(l—t2)7/4K1+(t)+21/0 dr (1 =2%)(1 —2)*K,(1)

1
+251/0 dtt(l—tz)”/“KH(t)], (5.5)
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4 1
Ry = — 128752/ dr(1 —2)°4(1 = 262)K,_(1), (5.6)
0

050

512m

1
Ry = — {/ dr 1( t2)9/4K1(I)+/ dtt(l—t2)7/4K2(t)}, (5.7)
oslr(3)] °

and
Quz—mn{ / de(1 — 2 Ls. (1) +4 / dr (1 — Ly, (1)
us[r(3)]
4
1
+7/ dr2(1 —?)*L, (t)} (5.8)
0
we [ (5)]
On =0y = 9 {/dtt(l AL t)+2/ dr (1 =)Ly (1)),
(59)
sz=—$ / dr (1 — )L (1), (5.10)
s[r(3)]
4
1
Q33=—1°24“[ / dr(1 — )Ly, (1) — 2 / dr 1(1 — 2P Ly (1)
us[r(3)]
4
1
+/ dttz(l—tz)g/“LH(t)} (5.11)
0

The following integrals appear in the above simplified expressions for the Reynolds
stresses:

X (t)_/°O ds
1) = , §1/2

X

(rt+5) (t—35)

12 — ,\2
(1+2t§+§2)2<1+t§+s3> (1—2t§+§2)2(1—ts+3)

/ ’

(5.12)

© 4% (t+5) ( _ . 4 (r+5) >
Ky (t) = > sin”  f — SN T —————=
20) /o 517 A2>1/2 T+ 25 32

(1 + 265 + §2)2 <1+ts+ 3

. . t—3%§
Sin lI—Sll’l l()>

V1 —215 + 52

(t—73)
§2>‘/2 (

(1 — 215 + 52)2 <l—t§+3
(5.13)
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Lo)= [ | dids’ (t+38) +5)
- 0 Jo 53 52\ '/?
(14265 4+ 52)2(1 4 25" + §72) <s i+ =+ 5+ 157+ 3>

(t=3)(t—75)

k]

- a3 any 1/2
(1= 265 + §2)2(1 — 215" +572)2 <s N s)

3
(5.14)
Lys(t) = / / ds d§’
0 0
. t+5 )
(t+8) +3) <sm1 U)o t)
% 14+ 2t5 + 572
a3 a2\ 1/2
(14205 +5822(1 + 265 + 522 (S + 1582+ % +§ + 152+ =
3 3
e (=8 - )
t—s)Nt—s§ sm ————— —sIn ¢t
=3 )< NI
- a3 a2\ 127
(1= 265 + 8271 — 25’ 457 ( N g)
(5.15)

L3J_r(t)=/ / ds ds’
0 0

. t+5 . . t+5 .
(rt+5)(+5) <s1n_1 (;f)A —sin”! t) <s1n_1 % —sin”! t>
y 14285 + 52 V14215457

a3 §/

SN 12
(14 205 + §22(1 + 23 + §2)2 <s TIprEn % 5 157+ 3>

(t—35)r—5§)sin! B Gl VR sin~'7 ) (sin”! =8 sin'¢
1 —2t5 + 52 J1— 215" + 57

a3 any 1/2
(1— 266 +§2)2(1 — 23 + §2)? (s . % T S)

3

(5.16)

Again, we use Gaussian quadrature to evaluate the elements of R and Q to find
R = —15.21, (5.17)
Ri» = Ry = — 1.56, (5.18)
Ry = —21.83, (5.19)
Ry; = —4.64, (5.20)

and

O = —11.16, (5.21)
Q= 02 =10.52, (5.22)
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O»n = —31.08, (5.23)
Q3 = — 8.76. (5.24)

Using (3.8) and the above results in (5.3), the expression for the direct inertial
contributions, to O(Re*?), is given by

254427 245.+2 372 3Re’?
~ )2 - A(~ 2) . 5 | (L + L) + 64
4 \35(+1)2 354+12  35(4+1) 2n
504 2)?
((;:1){ —41.581,1, — 74.741,15 + 7.4(1,1, + 1,1,) — 18.041315} + O(Re?).

(5.25)

It must be emphasized that while the stresslet contribution at O(Re*?) has been
calculated before, albeit incorrectly, for a suspension of rigid particles, the Reynolds
stress contributions at the same order have gone unnoticed. The latter contribute
significantly to the normal stress differences at O(¢Re*'?).

6. Comparison of theory and numerics

Before proceeding to a comparison both with earlier bulk stress computations for
a dilute emulsion (Li & Sarkar 2005) and with new results for the stresslet coefficient
alone presented later in this section, we summarize the results of the preceding analysis
with a discussion of its predictions. Using (4.38) for the stresslet coefficient, and (5.3)
for the direct inertial contributions, the dispersed-phase stress in an infinitely dilute
emulsion may be written as

W . [(52+2) AB2+3+D o 8 .

ij ¢[(A+I)E —R ( 9/ + 1)? (Q"‘E"f Eix2) 35(/1+1)2E”‘E’”
54 2)?

3254+ 21 (f: 1))2 (2R + Q,,))] + O(¢Re?).  (6.1)

Furthermore, using the numerical results for the O(Re*?) stresslet and the Reynolds
stress coefficients in §§4 (see (4.75)) and 5 (see (5.25)), the dispersed-phase stress tensor
in simple shear flow, to O(¢Re?), is given by

+ Re

( (Atj+Ajl)+ 32 4

0 =g | Dt Re(WEAIED
b)) ¢ [2(/1+ 1)(1112 +1,1;) — Re TEE (1,1, — 1,1,)
2
_ 35(1211)2(1111 + 1212)> + Re3? ((S/L—:'f))z ( {0 761:1; — 1.281,1,

+1.02(1,1, + 1,1y) + 0.521513} + ——— {—41.581,1, — 74.741,1,

32 z
174115 + 1,1)) — 18.041313}” + O(¢Re). (6.2)

The shear viscosity and the first and second normal stress differences, to O(¢pRe?),
are respectively

(5242) +0.024Re 3 (54+2)°

20+ 1) U+ 1) } + O(¢Re?), (6.3)
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_ 4322 4+34+1) 3254 +2) 5
B 2(105)2 + 96/ + 35) 32 (57427 )

From (6.4) and (6.5), we note that the O(Re) and O(Re*?) contributions to the
normal stress differences have opposing signs, and a balance leads to critical Reynolds
numbers:

- (342 + 32+ 1)?

Re, =4534" "% :
e, 5.3 Gitat (6.6)
S N2 _5(1052% + 96/ + 35)

Re,” =5. 10~ :
e, =558x10 Git o) : (6.7)

for reversals in sign of Ny and N,, respectively. Of course, not knowing the numerical
pre-factors in the O(Re?) contributions renders the relevance of the above critical
Reynolds numbers questionable. Nevertheless, it is worth noting that R—ei\’2 increases
from about 0.1, in the limit 1 — oo, to only about 0.42 for A=0(the corresponding
values of R_ei.v1 are 0.65 and 2.83), and a reversal in sign of N, thus appears
probable for large 4. The possibility of a sign reversal, of course, hinges on the
range of validity of a small-Re asymptotic expansion. Earlier computations do not
offer definitive evidence in this regard, however. The theoretical predictions for the
diagonal components of the rigid particle stresslet compare well with the results of
Mikulencak & Morris (2004) up until Re =~ 0.5, a range that includes R_eivz. However,
the diagonal components of the bulk stress also include contributions from the
Reynolds stress integrals. While the stresslet, at O(Re*?), is determined only by
the limiting form of the velocity field in the matching region, the Reynolds stress
integrals at this order depend on the full form of the outer velocity field. The range of
validity of a finite-Re result is expected to depend on the region where the dominant
contributions arise, and agreement between theory and numerics for the stresslet
components, over a significant range in Re, does not therefore guarantee a similar
agreement for corresponding components of the Reynolds stresses. In fact, in our own
computations, the results for the Reynolds stresses were found to be very sensitive
to the size of the computational domain. The resulting domain size dependence,
particularly at small Re, has led to our presenting numerical results only for the
stresslet components (see § 6.2); similar problems were encountered by Mikulencak &
Morris (2004).

The recent lattice Boltzmann simulations of Kulkarni & Morris (2008) for an
inertial suspension in a bounded domain indicate no signs of either a saturation or a
reversal in the normal stress differences even at the smallest volume fraction (¢ =0.05)
simulated. However, ¢ =0.05 may already be outside the range of an infinitely dilute
approximation. The comparison between the present analysis and simulations will
be quantitative only if the O(¢pRe*?) contribution calculated here is much larger
than the O(¢?) contribution arising from pair interactions. The resulting restriction,
¢ < Re*?, implies Re >0.4 for ¢ =0.05; the assumption Re < 1 then being a little
untenable. Thus, in the interests of an unambiguous comparison with theory, there
is clearly a need for simulating an infinitely dilute (single drop) scenario, in the limit
Re < 1, over a range of viscosity ratios. This is partly addressed in §6.2, where we
extend the results of Mikulencak & Morris (2004) by presenting results for the drop
stresslet over a range of viscosity ratios.
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The speculated reversal in sign above, for the normal stress differences (especially
N,), should occur even for Ca =0, being solely a consequence of micro-scale inertia;
here, Ca =pay/o is the Capillary number, o being the coefficient of interfacial
tension, and measures the relative importance of viscous and interfacial tension
forces. On the other hand, Vivek Raja et al. (2010) predicted reversals in the signs of
N and N,, specific to a dilute emulsion, arising from the competing effects of inertial
and viscous stresses on drop deformation. The associated critical Reynolds numbers
were O(Ca), given by

9(194 + 16)*

ReM' = Ca, 6.8
“ T160322+3i+1) ¢ 68)
oV _ 9(5517° + 162327 + 1926/ + 800)

© 16(A+ 1)(10522 + 96/ + 35)

The dependence of the viscometric coefficients on both Re and Ca, and the related
sign reversals, may be analysed by combining the known O(¢Ca) contributions (see
Schowalter et al. 1968; Frankel & Acrivos 1970) with the inertial contributions
summarized in (6.3)—(6.5); one obtains

(6.9)

(5.42) 3 (57 +2)? 5 5
=1 024Re* -~ Re’, R 1
e +¢{2<H1)+00 e Gr1p + O(Re”, ReCa, Ca”)|, (6.10)
(192 + 16) 4322 +3.41) 1 (574 2)?
Ni=¢ |Ca~—"— —Re——" "2 T "1 4 0.066Re* >~
1=¢ { TR R Ty T “TUEI
+ O(Reé?, ReCa, Caz)}, (6.11)
(5513 4+ 16232 + 1926 + 800) 2(105/2 + 964 + 35)
N, =¢|— R
2 ¢[ Ca 28004 + 1)} LR TR
3/2(5}~+2)2 2 2
— 0.085Re m + 0(R€ s ReCa, Ca ) . (612)

The above superposition is valid to O(ReCa), which is when the contributions due
to finite Re and Ca couple. For the range of Re and Ca under consideration, the
O(ReCa) contributions are, however, much smaller than those included in (6.10)—
(6.12). A shear-thinning contribution, at O(¢Ca?), has also been neglected in (6.10),
since it is again expected to be much smaller than the O(¢Re*?) shear-thickening
contribution.

To examine the possibility of sign reversals for N,, we equate (6.12) to zero, leading
to a cubic equation in Re'/?. Provided 0 < Ca < Ca, with

(10572 + 967 + 35 (A + 1)

Ca, =149 x 1073 )
a4 % (54 4 2)4(5513 4+ 162322 + 1926 + 800)

(6.13)

this equation has a pair of positive roots. The corresponding critical Reynolds numbers
are given by

COS_l |:(270[2 + 20(%)

2 3
o 20
ReY? ==L |2cos L

9 3

} +4n
—1| (6.14)
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i o {(27052 + 2a3)

]+2n

Rel? = % 2cos 2;"13 1], (6.15)

where
o) = — 007519 "(25';56;); 35 (6.16)
s 0.042Ca S31A + 162377 + 1926/ + 800) 617)

(5.4 220+ 1) ’

and the range of interest corresponds to 0 < cos™'[(27/a, + 2a3)/203] < m. The second
normal stress difference must undergo a sign reversal at each of Re}? and Re)?. With
increasing Re, N, first changes from negative to positive at Re = Re}? and then
becomes negative when Re > Re)? due to the eventual dominance of the O(Re¥?)

inertial correction. For Ca < 1, Re? ~ Re"* ~ O(Ca), while Re)? remains small but

finite for all 4, being well approximated by R—eiv2 obtained above from a balance of
the inertial terms alone (see (6.7)). Vivek Raja et al. (2010) neglected the O(Re*?)
correction, and only found the first sign reversal at Re?* ~ Re?. Next, equating N, to
zero again yields a cubic equation. The critical Reynolds number obtained in this case,
from equating the O(Re) and O(Re?) terms, remains of order unity or larger for all
A (see (6.6)). As a result, the two positive roots of the cubic equation are well separated
in the limit Ca < 1, and a general solution serves little purpose. The smaller of the
two roots is well approximated by Re™' while the larger approaches R_ef“. It is likely
that N, changes from positive to negative at Re = Re' ~ O(Ca) (the sign reversal

found by Vivek Raja et al. 2010). The second sign reversal predicted at Re =R_eiv1
may, however, be outside the range of validity of the theory. For Ca larger than the
threshold value given by (6.13), the interval of sign reversal vanishes, and N, must
always remain negative while continuing to exhibit a non-monotonic dependence on
Re; a similar threshold for N; and the resulting non-monotonic behaviour may be
outside the range of validity of the theory.

6.1. Comparison with previous simulations of the rheology of dilute emulsions
of slightly deformable drops

With the above theoretical scenario in mind, we now compare (6.10)—(6.12), for A =1,
with the viscometric coefficients obtained by Li & Sarkar (2005). The authors studied
the effect of inertia on single drop deformation, and the implied steady shear rheology
of a dilute emulsion, for a viscosity ratio of unity. A dilute emulsion undergoing simple
shear flow was simulated by positioning a single drop between infinite parallel plates
moving in opposite directions with periodic boundary conditions in the horizontal
coordinates. The Navier—Stokes equations were solved using a front-tracking finite-
difference method with the singular interfacial tension forces being distributed over a
thin layer surrounding the drop. Figures 1 and 2 compare the theoretical predictions
for Ny and N, (normalized by ¢) with those obtained from simulations, and figure 3
presents a similar comparison for the shear viscosity. The theory being valid only for
small Re, the comparison is restricted to Re <1, although the simulation results are
available for Re up to 3.

In figures 1 and 2, we note that Ca =0.02 is already large enough for there to be
no sign reversal either for N; or N,. Furthermore, the O(¢Re*’?) correction for N,
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FIGURE 1. (a,b) The variation of the first normal stress difference including inertial corrections
to O(Re) (bold dashed line) and O(Re*?)(bold dotted line) from (6.11) as a function of Re for
Ca =0.02 and Ca =0.05; 2=1. The dash-dotted lines in both figures denote the simulation
results.

becomes dominant at a much smaller Re, and thus, while there is a significant region
of non-monotonic variation for the theoretical N; curve, that for N, is restricted
to Re <0.1(the smallest Re in the simulations). One could find smaller values of
Ca at which both N; and N, exhibit intervals of reversed sign, but their relevance
appears in doubt since the numerical results, even for N,, are significantly different.
The dependence of the computed normal stress differences on Re is, in all cases,
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FIGURE 2. (a,b) The variation of the second normal stress difference including inertial
corrections to O(Re)(bold dashed line) and O(Re*?)(bold dotted line) from (6.12) as a
function of Re for Ca =0.02 and Ca =0.05; 2= 1. The bold dash-dotted lines in both figures
denote the simulation results.

monotonic, and the O(¢Re) theory of Vivek Raja et al. (2010) fares much better in
comparison to the O(¢Re*?) results derived here. For N, the latter theory appears to
agree a little better with numerics for Re < 0.3, but for N, the O(¢Re) theory leads to
a more accurate prediction over the entire range of Re and Ca examined. Moreover,
the predictions of the O(¢Re?) theory rapidly worsen for Re > 0.5, being both of the
wrong sign and slope in this range. It is also important to note that both the O(¢Re)
and O(¢Re*?) theories do not approach the computed results even at the smallest
Re, a discrepancy already noted by Vivek Raja et al. (2010). Notwithstanding this
last observation, it is tempting to attribute the deviations to the asymptotic nature of
the perturbation expansion; in which case, the O(Re>’?) corrections, while making the
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FiGURE 3. The variation of the O(¢) correction to the shear viscosity of the suspending fluid,
as a function of Re, from both theory ((6.10), dotted line) and simulation. The dashed and
dash-dotted lines denote the simulation results for Ca =0.02 and Ca =0.05, respectively.

expansion more accurate for small Re, do not extend its range of validity. Thus, the
predicted sign reversals of N,, and perhaps, even the non-monotonic dependence for
either N, or Ny, are in a range of Re where higher-order inertial corrections become
equally important.

Figure 3 for the shear viscosity does raise some questions about the accuracy of the
simulations, however. The significant discrepancy between theory and numerics even
at Re =0.1 is not unexpected; for instance, the comparison given in Mikulencak &
Morris (2004) for the shear component of the rigid particle stresslet (1 — o0) reveals a
significant discrepancy between theory and numerics at the same Re (this comparison
is more relevant than that for normal stresses, since the stresslet contribution provides
a reasonable approximation to the total shear viscosity to O(Re¥?)). More troubling is
the qualitative difference between theory and computation. While the former predicts
a viscosity enhancement of O(Re*?), the computed viscosity only shows a sub-linear
growth with increasing Re. The near coincidence of the Ca =0.02 and Ca =0.05
curves at the smaller values of Re implies that this difference is not related to drop
deformation (the two curves do depart at higher Re, perhaps due to the coupled
effects of inertia and drop deformation not included in the theory). An examination
of the corresponding plot in Mikulencak & Morris (2004) shows that the suspension
shear viscosity (the stresslet contribution) exhibits a faster-than-linear growth up until
Re ~ 1. Also, in contrast to figure 3, the computed suspension viscosity is smaller
than the corresponding theoretical prediction at any finite Re. In fact, for Re =0.1,
the computed enhancement in the suspension viscosity appears to be smaller than
that computed for an emulsion with 2=1(and Ca =0.02). This is again surprising
since the theory predicts that the effect of the viscosity ratio on the inertial correction
at O(Re*?) is entirely contained in the factor [(54 + 2)/(4 + 1)]?, which increases
from 12.25 at A=1 to 25 for 4 — oo. Thus, for sufficiently small Ca (the case here),
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the viscosity enhancement of an emulsion of unit viscosity ratio must be significantly
smaller than that for a suspension.

6.2. Finite volume simulation of the stresslet of non-deformable drops
at finite Reynolds numbers

The discrepancies revealed in §6.1, from the detailed comparison of the O(¢Re*?)
theory with available numerical results, have highlighted the need for an accurate
simulation of an infinitely dilute emulsion, over a range of viscosity ratios, particularly
for small Re. Towards this end, we now report results obtained by simulating an
isolated neutrally buoyant spherical drop of variable viscosity, over a range of Re,
subjected to a simple shear flow. Enforcing a spherical shape implies that, unlike
Li & Sarkar (2005), our computations do not explicitly include drop deformation,
and thereby, only help evaluate the theoretical estimates for the inertial contributions
to the bulk stress. Ideally, one would want accurate estimates for both the stresslet and
Reynolds stress contributions. However, the numerical calculation of the Reynolds
stress integrals at small Re is a delicate task with the dominant contributions arising at
large distances of O(Re™"/?); our computations confirm this difficulty and the results
for the Reynolds stresses proved to be very sensitive to the size of the computational
domain. The results included here are therefore restricted to the stresslet components
obtained by substituting the computed velocity and stress fields on the drop surface
in the first term in (3.2).

The equation of continuity and the steady Navier—Stokes equations are solved
in dimensionless form both inside and outside the drop using a control volume
formulation with the SIMPLE algorithm (see Mao & Chen 1997); the Reynolds
numbers are defined in the same way as in §2. Preservation of a spherical shape
demands a vanishing normal velocity component at the drop surface(r =1). One
needs to additionally implement equality of the interior and exterior tangential
velocity and stress components at r = 1; the required interfacial jump in normal stress
is balanced by a slight deformation (that is not explicitly calculated). The far-field
boundary condition of simple shear flow is applied on a distant spherical boundary of
radius R;,s. The grid for all computations consists of 30 and 60 uniform nodes in the
0 and ¢ directions, respectively; here, 6 is the polar angle with the vorticity axis of the
ambient simple shear and ¢ is the dihedral angle between the gradient-vorticity plane
and the plane containing the position () and ambient vorticity vectors. For Re <1,
the exterior domain has 135 nodes in the radial direction; the region near the drop
surface is finely resolved with the 10 modes closest to the surface having a spacing
of Ar=2.5x 1073, An additional 20 nodes are used inside the drop with the 5 nodes
nearest the surface again having a spacing of Ar =2.5 x 107, The computations for
larger Re begin to exhibit an insensitivity to domain size at smaller values of Ry,
and the total number of nodes in the radial direction therefore decreases in general
with increasing Re.

Figure 4 depicts the variation of the stresslet contributions to the viscometric
coefficients, suitably scaled, with Re, for different values of R;, and for A=1 and
A=o00(the surface boundary condition in this latter case is one of rigid rotation
consistent with a zero-torque condition, and only the exterior fields need to be solved
for; see Mikulencak & Morris 2004). The plots show that, in the range Re <1, the
computed values become insensitive to the domain size once R;,s exceeds 64.6. The
increasing insensitivity to domain size for the larger values of Re is already evident,
and is confirmed later in figure 13 for larger Re.
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FIGURE 4. (Colour online) Variation of (a,b) the first and second normal stresslet differences
and (c¢) the shear component of the stresslet, with Re, for different values of Ry, .

Figure 5 compares the computed diagonal stresslet components (R;,, = 105.2) with
the analytical results for different viscosity ratios. The first and second normal stress
differences, normalized by Re, and plotted as a function of Re'/?, show good agreement
with the theoretical predictions for small Re; the nearly linear variation in this range
confirms the Re*? scaling. In the range 0.01 < Re <0.1, the slopes and intercepts
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FiGURE 5. (Colour online) (a,b) Plots of (S1;—S2)/Re and (Sx»—S33)/Re as a function
of Re'/?.

obtained by fitting the computed curves for (S;; — S3,)/Re and (S5, — S33)/Re versus
Re'? are respectively 0.72, —2.02 and —0.65, 1.32 for 2=0.1, which are close to the
corresponding analytical values of 0.75, —2.05 and —0.66, 1.32. Similar results for
other values of 4 are shown in table 1.

Figure 6 plots, as a function of Re*?, the difference between the shear component
of the stresslet and its extrapolated value(Si»o) for Re=0. The difference rather
than the absolute value is used since Sj,o deviates slightly from the classical Taylor
coefficient primarily due to the finite computational domain; for instance, with 2 =0.1
and Re=107%, Sj,,~4.746, while the corresponding analytical value for Re =0 is
4.76. In contrast to the diagonal components, the numerical results for (S;,—Si2.0)
depart significantly from the analytical asymptotes even in the range 0.01 < Re < 0.1,
implying a greater sensitivity to higher-order inertial effects not included in the
theory. A similar behaviour was found earlier for a rigid particle (see Mikulencak &
Morris 2004). The validation of the theoretical prediction for the shear component
evidently requires smaller values of Re, and hence, larger domain sizes. To avoid an
unrealistically large computational domain, we account for the systematic dependence
of the numerical results on R, (this dependence being stronger than that for the
diagonal components), and the extrapolated value obtained in the limit of an infinite
domain is then used for comparison with theory. Thus, figure 7(a) shows the shear
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Simulation fit
A (0.01 <Re <0.1) Theory

0.1 (811 — S»)/Re=0.72Re'’*> —2.01 (S11 — 82)/Re =0.75Re'* —2.05
(S22 — S33)/Re =—0.65Re* +1.32 (S5, — S33)/Re = —0.66Re'/> +1.32

1 (811 — S2)/Re =1.67TRe'* —3.21 (S11 — S»)/Re =1.77Re'* — 3.26
(S22 — S33)/Re =—1.55Re'> +2.28 (81 — S33)/Re = —1.56Re'/? +2.28

5 (S11 — S»)/Re =2.74Re'* — 4.63 (S11 — S»)/Re =2.92Re'?* —4.71
(82 — S33)/Re =—2.55Re'* +3.41  (Sy» — S33)/Re =—2.58Re'/? 4 3.40

0 (811 — S»)/Re=3.42Re'?> —552 (S, — 8»)/Re=3.61Re'* —5.59
(S22 — S33)/Re =—3.25Re'* +4.14 (S, — S33)/Re = —3.18Re'/* +4.08

TaBLE 1. Comparison of the normal stress differences (the stresslet contributions) between
simulations and theory.
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FIGURE 6. (Colour online) Plot of (S12—S12,0) as a function of Re”~; here, Si2 is the

stresslet coefficient for Re =0.

component of the rigid particle stresslet, again as a function of Re*?, but in the range
0.0005 < Re <0.01 with R, =64.6, 87.2, 105.2 and 153. The data for each R, are
fitted well by a straight line passing through the origin, confirming the proportionality
to Re*? in the limit Re — 0. Figure 7(b) includes a plot of the slopes of these straight
line fits against 1/R;,,. The plot yields an extrapolated slope of 1.79 in the limit
R,y — o0, which is very close to the analytical value of 1.80(see (4.75)). A similar
trend is observed for 4 =5 and the corresponding plots appear in figures 8(a) and 8(b).

The plots in figures 9-12 show the computed stresslet components for intermediate
Re (1 < Re < 10), for different values of A, when the theoretical predictions no longer
hold. These computations were carried out for R;,r =28, and figure 13 shows that
the results are already representative of those of an infinite domain. For this range
of Re, the computations for a rigid particle failed to converge beyond a critical (Re-
dependent) R;,s, which is related to the failure of the iteration needed to approach a
torque-free condition. This critical value was much smaller than that found for large
but finite viscosity ratios, and as a result, the converged results for a rigid particle
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FIGURE 7. (Colour online) (a) Plots of (S1, — Si2,0) versus Re

A=o00. (b) The straight line slopes, obtained from the plot of (S;» — Si2,0) versus Re
plotted against 1/R;,.

continued to exhibit a domain-size dependence. To circumvent this difficulty, we
obtained the viscometric coefficients for a rigid particle by extrapolating the results
for drops of high viscosity. Figure 14 shows the variation of the three viscometric
coefficients with A for Re =10 (which exhibited the greatest sensitivity to domain
size for Re > 1) and with R, =28; a similar calculation for R;,, =56 gave nearly
coincident results. The large value of / needed for attainment of the 4 — oo plateau
differs from one viscometric coefficient to the other. Nevertheless, regression fits show
that the values for /=20 are already within 3 % of the corresponding values for
a rigid particle for Re =10. Results obtained from computations of rigid particles
are consistent with the large A limits found in the above manner, although minor
differences persist due to the restriction to smaller domain sizes in these cases.

It is seen from figures 9-12 that the three viscometric coefficients exhibit a near-
linear variation in the range 1< Re < 10. The linearity appears consistent with the
expected O(py2a?) scaling for the stresses at moderate Re. This seems reasonable for
the diagonal components which are O(Re) in the limit Re — 0. The O(Re*?) scaling
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for the shear component arises from the fractional (O(Re~"/?)) scaling for the inertial
screening length for small Re; since the screening length is O(a) for Re of O(1) or
larger, an O(Re) scaling for moderate Re continues to be reasonable in this case. The
moderate-Re results may therefore be fitted by an expression of the form

S P,

— =P+ -,

Re 1+ Re
where S is any one of Si; — S», S» — S33 or Si2 — Si20. On the other hand, taking the
analysis of earlier sections into account, S must reduce to the form

(6.18)

S A A
— = P+ P,Re', (6.19)
Re

in the limit Re — 0; here, the coefficients 13, may be obtained from the predictions for
the viscometric coefficients (see (6.3)—(6.5)). A simple empirical fit, applicable to the
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FIGURE 12. (Colour online) The plots of Si; — S, S — S33 and S1» — Si20 as a function of
Re for 2=20; Ry =28.

whole range of Re under consideration, may therefore be taken as

N S 1 —|—q1Re1/2 + piRe

— . 6.20
Re : 1 —|—q2Rel/2 + p2Re ( )

The undetermined parameters(p;, p2, q1, ¢2) may be determined by enforcing the
analytical form in the limit Re — 0, and in addition, using the computed values for
large Re. Equation (6.20) is, however, only applicable to the normal stress differences.
The shear component, S, — Si2.0, 1S O(Re3/2) for small Re, and hence, P1 =01n (6.19)
for this case. Thus, the empirical fit appropriate for S, — S1»,0 must be of the form

S f’ Re'? + piRe

6.21
Re 1+ quel/2 + sze ( )

where the unknown parameters may be determined in the manner described above.
The values of these parameters for different 1 are shown in table 2. The accuracy
of the derived empirical fits for Re <10 is highlighted in figures 15-18, where the
fits appear together with the predictions of the small-Re theoretical analysis and the
computed values in the intermediate range of Re.

In summary, the computations presented in this section confirm the analytical
predictions for the stresslet components, to O(Re*?). In addition, the empirical fits
derived from the computed stresslet values extend up to a Reynolds number of 10
over a wide range of viscosity ratios.

7. Conclusions and discussion

In this paper, we have determined the dispersed-phase stress tensor for a dilute
emulsion in simple shear flow which, to O(¢Re*?), is given by

54 +2) 2322 +3241)
¥y = ( L1L+11)—Re | == —= (1,1, — 1,1
¢ 2(i+1)(12+21) e 57+ 1) (111, — L)
2 (54 +2)?
- (141, + 1,1 R = 1,1, — 1.281,1
35(/1_{_1)2( 1 1+ 22)>+ ( +1)2 < {076 1 822
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3

. 521315} + o
+1 02(1112 + 1211)+0 5215 3} + 3214
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+7.4(1,1, + 1,1;) — 18.041313}>] + O(¢Re?, ¢?). (7.1)
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A Stresslet component
0.1 S11 — Szz
S — 833
S12 — S120
1 Sit—S»
S — 833
S12—S120
5 Sit— S»
S — 833
S12 — S120
20 Sii—S»
S — 833
S12— 81200

TaBLE 2. Coefficients of the fitting expressions for the components for Re < 10.

Pre-factor

P =-2.05
P=132
P,=0.37
P =-3.26
P =228
P, =0.88
P =—4.71
P, =3.40
Py =1.46
P =-532
P, =388
Py=1.70

Parameters in the fitting expressions

q1

0.27
0.33

0.21
0.18

0.18
0.13

0.18
0.13

pP1

0.69
0.97
4.15

0.55
0.47
15.88

0.46
0.32
19.31

0.45
0.31
24.09

q2

0.64
0.83
1.91

0.76
0.87
3.05

0.80
0.89
3.37

0.82
0.90
3.49

P2

1.60
241
7.92

1.94
2.26
48.47

2.01
2.14
65.06
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84.09
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FiGURE 14. (Colour online) The plots of S;; — S, S»» — S33 and Sy, as a function of 1 for
Re =10; the results shown are for R;,r =28.

The separate contributions of the stresslet and the Reynolds stresses, to this order,

are given by

(51+2)

571 il + 1) — Re [

20+ 1)
X (1111 + 1212):| + Re3/

+0.521515],

94 +1

2 (5A+2)
6m2(L + 1)?

2(3/2 432

+1)
)2

(i1, — 1,1,) +

(437 + 364+ 8)

140(7. + 1)

[0.761,1; — 1.281,1, + 1.02(1,1, + 1,1)

(7.2)
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and
e (2(54+2)Y 2M5.+2) 3,2
4 - 1,1, + 1,1
4 (35(/1+1)2 35(A+1)2 ' 35(A + 1)? (Lil; + Lx1o)
3Re3/2
T (TALSSLL = TATALL + T4(L L + b1 — 18.041:15), (7.3)

respectively. The resulting shear viscosity and the first and second normal stress
differences are respectively

_ (54+2) 32 (54 +2)° 2 42

e =1+¢ {20& 0 +0.024Re G ] + O(¢Re?, ¢?), (7.4)
_ 4322 +32+1) 3/2(5 +2)? -
_ 2(1052% 4 96/ + 35) 3254+ 2) 5 s

N,=¢ {Re 3501 1P —0.085Re G 1)2] + O(¢pRe”, ¢7).  (7.6)

The analytical predictions for the stresslet components are in agreement with the
computations for small Re and over a range of viscosity ratios. The numerical results
presented are based on a control volume formulation for a spherical drop, and extend
up to Re = 10. These results show that the predicted shear-thickening of the viscosity,
for small Re, becomes milder for Reynolds number of order unity or larger; a
similar change in the scaling of the normal stress differences is much weaker. The
analytical and numerical results together allow the development of empirical fits for
each viscometric coefficient valid for Re < 10. The fits are shown in figures 15-18 and
capture the above transition in the shear-thickening behaviour. In the limit A — oo,
both the analysis and the numerical results agree with the earlier computations of the
rigid particle stresslet by Mikulencak & Morris (2004). The only available numerical
estimates for the Reynolds stress contributions are those of Li & Sarkar (2005) for
a dilute emulsion with a viscosity ratio of unity. A comparison of the theory and
numerics, however, shows a significant discrepancy even at the smallest Re. It is not
clear if the disagreement arises due to the neglect of higher-order inertial corrections
in the theoretical analysis, or due to the known sensitivity of the Reynolds stress
integrals, particularly at small Re, to the size of the computational domain.
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From the theoretical expressions for the viscometric coefficients, we note that
the Reynolds stress integrals contribute significantly to the two normal stress
differences (48 % of the total N; and 64 % of the total N,), but a partial cancellation
on account of the opposing signs of (R;» + Ry;) and Q, leads to a smaller
contribution (less than 30 %) to the shear viscosity at O(¢Re*?). The earlier estimate
of Stone et al. (2000) for the inertial corrections to the suspension stress, which omitted
the contributions due to the Reynolds stresses, underpredicts the shear viscosity by
about 29 %. The relative dominance of the shear component of the stresslet implies,
however, that a large part of the shear-thickening owes its origin to the linear flow
set up in the matching region by the outer velocity field (the elements of whose
velocity gradient tensor are, within a proportionality factor, given by (4.69)—(4.73)).
This flow reinforces the extensional character of the ambient simple shear in the 12th
quadrant; the drop is thus stretched further along the 45° direction in this quadrant.
The amplitude of the former flow is O(Re*?), a nonlinear function of the shear rate,
leading to the shear-rate-dependent increase in the viscosity.

The inertial shear-thickening for a suspension in an ambient linear flow (not just
simple shear) may, in fact, be deduced without a detailed calculation. The argument is
easiest for an extensional flow, in which case the particle angular velocity is identically
zero by symmetry, and both the Stokes and inertial velocity fields satisfy the same
boundary conditions. As pointed out by Ryskin (1980), it follows immediately from
Helmholtz’s minimum dissipation theorem (see Batchelor 1967; Kim & Karrila 1991)
that the inertial correction to the dissipation must be positive definite. Note that the
theorem only predicts the dissipation at finite Re to be greater than that at Re =0,
and the extensional viscosity could, in principle, have a non-monotonic dependence
on Re (without dipping below the Stokes value). The first effects of inertia must
nevertheless lead to an extension-thickening. For linear flows with vorticity, the particle
angular velocity, and therefore the velocity boundary conditions, are a function of Re.
Although a direct application of Helmholtz’s theorem is not possible as a result, one
is led to the same conclusion starting from the following expression for the average
(non-dimensional) dissipation in a representative microscopic volume:

2usE :E =2

(1+¢)E:E—|—3¢/ e:edV], (7.7)
4 Jy_y,

where u, denotes the suspension viscosity and (V — V,) denotes the unbounded fluid
domain. In (7.7), the excess dissipation due to the particulate phase is divided into two
parts: a kinematic enhancement that arises because the rate of strain in the suspending
fluid has to increase in order to conform to the specified average rate of strain (E)
in the suspension; and an additional integral, over the fluid domain, of a quadratic
functional of the perturbation strain rate (e) induced by the particle. If ¢® denotes
the corresponding perturbation strain rate at Re =0, one may write (7.7) in the form

3¢

2usE :E=2 (1—|—¢)E:E—I—</ e e dy
47 VoV,

+/ (e—e?) :(e—e?)dV + 2/ e? :(e—e”)dV ||, (7.8)
V-V, V-V,
where the second integral is positive definite. Applying the divergence theorem to the
third integral, and noting that the first integral combines with the O(¢) contribution
in the first term contribution to give the Einstein coefficient (5¢/2), one obtains
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§ . 3£ _ o0y . (p o0
<1—i—2qﬁ)E.E—i—41t (/va(e eV):(e—e”)dV

— (u—u(o))-(a(o)-n)d5>], (7.9)

s,

2usE :E=2

where ¢® « n denotes the Stokesian surface force density. Since (z — u®) on the
surface of the particle is a rigid-body rotation and ¢ is a linear functional of E,
it is readily shown that the third integral must finally involve a contraction between
symmetric (E) and antisymmetric (¢) tensors, and is therefore identically zero. Thus,
the average dissipation at finite Re may be written as

2uE  E=2 , (7.10)

<1+§¢>E:E+3i (e—e?) :(e—e?)dV

4 V-V,

for a rigid particle suspension, clearly pointing to a shear-thickening rheology.
However, the above simplistic argument does not hold for a dilute emulsion, since
the difference between the Stokes velocity field and the one at finite Re, on the
surface of a finite viscosity drop, is no longer a rigid-body rotation.

While the bulk stress calculation in this paper has primarily relied on the Fourier-
transformed velocity field (the spatial structure was only examined in the region of
overlap (a < r < aRe™'/?), this being needed to derive the stresslet to O(Re¥?)), it
is nevertheless of interest to further examine the disturbance velocity field due to a
drop (particle) at finite Re, with the intent of characterizing its structure in physical
space in the outer region. Such a solution would have the usual importance attached to
solutions of the linearized Navier—Stokes equations in other situations. For instance,
in the simpler case of a drop (particle) translating in a quiescent fluid, the solution in
the outer region, obtained for small Re, remains relevant even for Re ~ O(1) or larger
in a region where the disturbance velocity field becomes small, and the linearization
accurate. In the limit Re <1, this, of course, happens for distances greater than
O(aRe™") with Re=aU/v, U being the translational velocity. However, for any
Re (notwithstanding a wake instability), the far-field velocity disturbance induced by
a translating particle has the same source-wake structure as that contained in the
small-Re solution originally derived by Oseen (see Batchelor 1967). Such a structure
is typical for a point source of momentum in an ambient uniform flow. One may
attribute a similar significance to a solution of the linearized Navier—Stokes equations
for a point force or force dipole in simple shear flow. The axisymmetry of the uniform
flow problem ensures that there is no added difficulty in obtaining a solution in three
dimensions, and the structure of the far-field velocity disturbance due to a translating
sphere mirrors that of a translating cylinder. This may no longer be the case in
simple shear flow, and one expects the dynamics of the vorticity field to be quite
different in two and three dimensions. The two-dimensional problem has already
been analysed by Robertson & Acrivos (1970), who examined the simple shear flow
past a torque-free neutrally buoyant cylinder at small but finite Re. Since the ambient
flow is homogeneous, the axial vorticity field in the outer region, at leading order,
behaves as a passive scalar and satisfies a convection—diffusion equation. The solution
in two dimensions is thus readily obtained by analogy with a passive scalar (see
Bretherton 1962; Elrick 1962; Foister & Van de Ven 1980). On the other hand, the
general form for the three-dimensional disturbance vorticity field in physical space,
associated with a point-force dipole in simple shear flow, at finite Re (a Reynolds
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number in these cases may be defined using the length scale based on the magnitude
of the dipole (D/uI")'/?), remains unknown; the case of a point force has recently
been examined by Asmolov & Feuillebois (2010). Unlike the two-dimensional case,
the ambient flow now stretches and tilts the disturbance vorticity field in addition
to convecting it, and the ambient vorticity is in turn stretched and tilted by the
disturbance velocity field. The two-way coupling implies that the equation for the
disturbance vorticity field also involves the velocity field and may be written as

ow’
ot

One may, of course, still obtain a closed equation for the vorticity alone by taking
a curl of (7.11). The fundamental solution of the resulting system of equations
would yield the analogue of the Green’s function of a passive scalar, but now for a
three-dimensional solenoidal vector field.

The aforementioned distinction between two and three dimensions for a simple
shear flow has already been highlighted in the nearly inviscid limit. For instance,
Lighthill (1956) analysed the inviscid translation of a sphere in a simple shear flow
and showed that the bending of the vortex lines of the ambient field around the sphere
into horseshoe-shaped configurations provides a natural means for the production of
streamwise vorticity; the latter is an important ingredient for generating a lift on a
translating particle immersed in an inviscid rotational flow (see Auton 1987; Auton,
Hunt & Prud’homme 1988). The inviscid limit does retain some similarity with the
vorticity dynamics in the outer region at small Re. However, the viscous scenario
appears more complicated since the ambient simple shear flow may now be regarded
as acting on the more complicated vorticity field associated with the Stokes field for
a force dipole. The vorticity field in this case consists of twin families of vortex rings
generated as the curves of intersection of the one-parameter family of rectangular
hyperbolae (x;x, = constant) with a second family of elliptic cylinders ((x; + x)*> +
x7 =constant). In fact, the differences between two and three dimensions at small
Re, for the flow field near a torque-free spherical particle (r ~ O(a)), have already
been highlighted previously; a small amount of inertia was found to eliminate the
region of closed streamlines that envelopes a freely rotating sphere at Re =0, and the
resulting spiralling streamlines have a profound effect on the rates of heat and mass
transfer (see Subramanian & Koch 2006). However, the differences in the far-field
behaviour, for distances of the order of the inertial screening length, remain to be
elucidated.

Finally, although the significance of micro-scale inertia in rheological context has
been highlighted in the Introduction, its study remains important for reasons other
than their rheological relevance. There have been recent experiments, both with single
spherical particles (see Bottin, Dauchot & Daviaud 1997; Bottin et al. 1998) and a
dilute suspension of such particles (see Matas, Morris & Guazzelli 2008), in an attempt
to understand the nature of the transition to turbulence in shearing flows and the
effect of particles on the same. It is a well-known fact that the simplest shearing flows,
including plane Couette flow (simple shear flow in a bounded domain) and pipe flow,
transition to turbulence beyond a certain threshold value of the Reynolds number
despite being linearly stable for all Reynolds numbers(see Schmid & Henningson
2001). The threshold Reynolds number values for plane Couette and pipe flows are
approximately 325 and 2000, respectively (these are now the macro-scale Reynolds
numbers based on the gap width and pipe diameter, respectively). The variance with
the predictions of the linear-stability analysis is attributed to the subcritical nature

+(Fr)Vo' —@ T" =" Vu' +V?& + (E - V) A V5(x). (7.11)
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of the laminar—turbulent transition (Darbyshire & Mullin 1995; Dauchot & Daviaud
1995). The dynamical systems point of view of the turbulent dynamics, at least for
relatively modest values of the macro-scale Reynolds number corresponding to the
transitional regime, is that the turbulent state is essentially a wandering trajectory in an
appropriately defined state space comprising occasional close visitations of equilibria
connected by transient interludes (see Halcrow et al. 2009). These equilibria are exact
three-dimensional solutions, either stationary or time-periodic, of the Navier—Stokes
equations (Nagata 1990; Clever & Busse 1997). Despite being unstable (saddle-like),
the union of such equilibria, together with the heteroclinic connections between
them, forms a scaffold that helps organize a turbulent trajectory, and helps explain
the dynamics in shear flows. Such unstable equilibria are captured numerically via
a continuous deformation approach by first considering a modified problem with
known solutions, and deforming it progressively to recover the original problem
with the originally stable solutions being mapped onto the unstable solutions of
interest (see Cherhabili & Ehrenstein 1995). The easiest experimental equivalent of
such an approach would be a slight alteration of the geometry. For plane Couette
flow, Bottin et al. (1997) accomplished this by the insertion of both a thin wire and
a spherical bead in the central plane of the flow. The underlying idea in all the
above cases, either experimental or computational, is that the modification in either
the geometry or forcing serves to stabilize the otherwise unstable equilibria; a finite-
amplitude perturbation then accesses the resulting non-trivial basin of attraction in
the modified state. The recurring structures in almost all of the non-trivial equilibria,
occurring in the transitional range, are streamwise vortices and streaks. Indeed, Bottin
et al. (1997) found, for both the wire and the bead, the appearance of elongated
streamwise vortices, organized along the spanwise coordinate, beyond a threshold
value of the macro-scale Reynolds number. The disturbance due to the wire or the
bead remains localized (as inferred from the length of the streamwise vortices) below
this threshold. Interestingly, the threshold Reynolds number remains finite even as the
radius of the wire becomes vanishingly small, suggesting that the velocity field in the
outer region (characterized by the inertial screening length, (v/y)'/?), and therefore,
independent of the wire diameter) may play an important role in the emergence of
such structures. The physical mechanism involving the stabilization is likely to be
either on account of a topological correspondence between the micro-scale flow in
the outer region and the structure of the emerging unstable equilibrium, or perhaps,
via an instability of the former. The experiments of Matas et al. (2003), examining
the transition to turbulence in pipe flow of a dilute suspension of density matched
particles, lend credence to the crucial role of micro-scale inertia in such a coupling
between the particle—scale flow field. The authors found the critical macro-scale
Reynolds number for a suspension to increase with an increase in ¢ for the smallest
particles (diameter ~40 um), as one would expect in the inertialess limit when the
particles enhance the effective viscosity in proportion to their volume fraction. On the
other hand, the transition Reynolds number decreased with increasing ¢ for larger-
sized particles. For small enough ¢, this decrease appears to be linear in ¢, and it is
likely that each particle acts independently in facilitating the appearance of streamwise
vorticity on the macro-scale, thereby promoting the onset of intermittent dynamics.
The particle size at which the decrease in the transition Reynolds number first occurs
corresponds to a micro-scale Reynolds number close to unity. It is of interest to note
that an inertial suspension, for small values of the micro-scale Reynolds numbers,
exhibits a shear-thickening rheology on the macro-scale, thereby leading to a reduced
macro-scale Reynolds number. On the other hand, for values of the micro-scale


https://doi.org/10.1017/jfm.2010.654

https://doi.org/10.1017/jfm.2010.654 Published online by Cambridge University Press

The influence of inertia on emulsion rheology 357

Reynolds number of order unity, when an inner region, in the usual sense (that is,
a region in the vicinity of the particle where inertial forces are negligible), ceases to
exist, the effect at the macro-scale mimics that of an increased macro-scale Reynolds
number.
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