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Compound particles are a class of composite systems in which solid particles encapsulated
in a fluid droplet are suspended in another fluid. They are encountered in various natural
and biological processes, for e.g. nucleated cells, hydrogels, microcapsules etc. Generation
and transportation of such multiphase structures in microfluidic devices is associated
with several challenges because of the poor understanding of their structural stability
in a background flow and the rheological characteristics of their dispersions. Hence,
in this work, we analyse the flow in and around a concentric compound particle and
investigate the deformation dynamics of the confining drop and its stability against
breakup in imposed linear flows. In the inertia-less limit (Reynolds number, Re < 1)
and assuming that the surface tension force dominates the viscous forces (low capillary
number, Ca, limit), we obtain analytical expressions for the velocity and pressure fields up
to O(Ca) for a compound particle subjected to a linear flow using a domain perturbation
technique. Simultaneously, we determine the deformed shape of the confining drop correct
up to 0(Ca?), facilitating the following. (i) Since O(Ca?) calculations account for the
rotation of the anisotropically deformed interface, the reorientation dynamics of the
deformed compound particles is determined. (ii) Calculations involving the 0(Cd?) shape
of the confining interface are found to be important for compound particles as O(Ca)
calculations make qualitatively different predictions in generalised extensional flows. (iii)
An O(Ca) constitutive equation for the volume-averaged stress for a dilute dispersion
of compound particles was developed to study both shear and extensional rheology in a
unified framework. Our analysis shows that the presence of an encapsulated particle always
enhances all the measured rheological quantities such as the effective shear viscosity,
extensional viscosity and normal stress differences. (iv) Moreover, linear viscoelastic
behaviour of a dilute dispersion of compound particles is characterised in terms of complex
modulus by subjecting the dilute dispersion to a small-amplitude oscillatory shear (SAOS)
flow. (v) Various expressions pertaining to a suspension of particles, drops, and particles
coated with a fluid film are also derived as limiting cases of compound particles.
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1. Introduction

Compound particles are particles confined in a fluid drop. Suspensions of these complex
and multiphase structures are encountered in petroleum, food and pharmaceutical
processing industries (Bird, Armstrong & Hassager 1987; Barnes, Hutton & Walters 1989;
Tadros 2011; Jia, Wang & Fan 2020) and in biological and soft matter systems (Wisdom
et al. 2013; Gasperini, Mano & Reis 2014; Wen et al. 2015; Reigh et al. 2017; Zhang et al.
2017; Choe et al. 2018; Somerville et al. 2020). While several classical and seminal works
have focused on the rheological characterisation of a suspension of particles (Einstein
1906, 1911) or fluid droplets (Taylor 1932; Stone & Leal 1990; Stone 1994), relatively
less attention has been given to study the stability and rheology of composite systems,
namely multiphase structures consisting of solid particles and fluid droplets together, such
as compound particles. Therefore, in this work, we theoretically investigate the fluid flow
in and around a compound particle, the deformation dynamics of the confining drop and its
stability against breakup in an imposed flow. Further, we characterise a dilute dispersion of
compound particles by determining its rheology in terms of the effective viscosity, normal
stress differences and complex modulus.

Several numerical (Kawano & Hashimoto 1997; Smith, Ottino & Cruz 2004; Chen,
Liu & Shi 2013; Hua, Shin & Kim 2014; Chen et al. 2015a; Chen, Liu & Zhao 2015b;
Patlazhan, Vagner & Kravchenko 2015; Kim & Dabiri 2017) and theoretical (Mori 1978;
Johnson 1981; Harper 1982; Johnson & Sadhal 1985; Sadhal, Ayyaswamy & Chung 1997;
Sagis & Ottinger 2013) studies have addressed the hydrodynamics and the deformation
dynamics of composite systems in an imposed flow. Johnson (1981) investigated the
creeping flow past a rigid sphere coated with a thin film. Later, Sadhal & Johnson (1983)
and Johnson & Sadhal (1983) extended this study to a fluid droplet coated with a thin
film and calculated the modification to the drag force due to a thin coating. Rushton &
Davies (1983) theoretically investigated the translational dynamics of a compound droplet,
a multiphase system where a droplet is confined in another droplet, either concentrically
or eccentrically (Sadhal & Oguz 1985; Qu & Wang 2012). The dynamics of a compound
drop is also influenced by externally imposed flows. For example, Davis & Brenner (1981)
investigated the steady state deformation dynamics of a concentric compound particle
in a shear flow. Stone & Leal (1990) generalised this study to understand compound
droplets. They also performed boundary-integral-method-based numerical simulations
and analysed the breakup of compound droplets in a linear flow. Kim & Dabiri (2017)
numerically investigated the time evolution of eccentric compound droplets subjected
to a simple shear flow. The effects of inertia (Bazhlekov, Shopov & Zapryanov 1995),
viscoelasticity (Zhou, Yue & Feng 2006), surfactant laden interfaces (Hamedi & Babadagli
2010; Xu et al. 2013; Srinivasan & Shah 2014; Zhang et al. 2015; Mandal, Ghosh
& Chakraborty 2016), confinement (Song, Xu & Yang 2010) and electric field (Soni,
Thaokar & Juvekar 2018; Santra, Das & Chakraborty 2020a; Santra et al. 2020b) on
compound drops have also been addressed and thus, the literature on compound drops is
plentiful. However, the presence of three fluids and multiple deforming interfaces make the
analysis of compound drops cumbersome. On the other hand, analytical calculations with
compound particles though a subset of compound drops, (i) are tractable relatively easily
and (ii) demonstrate the strong hydrodynamic response such as interface deformation that
results from the interaction between the encapsulated solid particle and the confining fluid
interface. Therefore, the analysis of compound particles provide useful physical insights
into the deformation dynamics of the interface and rheological response of dispersions
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Author (year)
Davis & Brenner (1981)

Stone & Leal (1990)

Mandal et al. (2016)

Chaithanya & Thampi (2019)

Santra et al. (2020b)

Das et al. (2020)

Present study

System

Compound particle

Compound droplet

Compound droplet
(Concentric)

Eccentric
Compound particle

Compound droplet

Compound droplet

Compound particle

Background flow

Shear flow
Linear flow

Arbitrary background flow
+ effects of surfactants

Poiseuille

Linear flow

Uniaxial flow + effects of
electric field

Linear flow + effects of
surfactants
Linear flow

Accuracy of flow
field, u, p

o(l)
o)
o(l)

o(1)
o)

0(Ca)

o(l)

0(Ca)

Rheology

Newtonian
Newtonian

Newtonian

non-Newtonian

Newtonian

non-Newtonian

Remarks / Comments

O(Ca) steady state
deformation dynamics
O(Ca) steady state
deformation dynamics
O(Ca) steady state
deformation dynamics
Migration dynamics
The rotational and
translational dynamics,
and transient O(Ca)
deformation dynamics
0(Ca?) steady state
deformation dynamics,
and extensional rheology
O(Ca) steady state
deformation dynamics
The transient O(Ca?)
deformation dynamics,
and linear viscoelastic
behaviour

Table 1. A summary of theoretical works in the past that analysed the deformation dynamics of composite systems in a background flow, and the rheology of their dilute

dispersion.
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containing multiphase structures as we illustrate in this work. Table 1 summarises and
distinguishes the present work from the previous theoretical studies which analysed the
deformation dynamics of composite systems in an imposed flow. The bottom up approach
of microstructure based rheology determination dates back to the classical calculation of
effective viscosity of dilute suspensions of single phase constituents such as particles and
droplets (Einstein 1906, 1911; Taylor 1932). Further modifications, for example, to analyse
the effect of insoluble surfactants on the rheology of dilute emulsions, have been addressed
numerically (Li & Pozrikidis 1997). Several works to incorporate such effects (Pal 1996a;
Zhao & Macosko 2002; Vlahovska, Btawzdziewicz & Loewenberg 2009; Mandal, Das &
Chakraborty 2017) and to relax the assumption of diluteness (Loewenberg & Hinch 1996;
Loewenberg 1998; Jansen, Agterof & Mellema 2001; Golemanov et al. 2008) to predict
the rheology of concentrated emulsions are available in the literature but attempts to
understand the rheological behaviour of dispersions of compound particles or compound
droplets are scarce (Johnson & Sadhal 1985; Stone & Leal 1990; Pal 19964, 2007, 2011;
Mandal et al. 2016; Das, Mandal & Chakraborty 2020; Santra et al. 20200).

In the present work, we analyse the deformation dynamics of a concentric compound
particle in an imposed linear flow using an asymptotic expansion in capillary number, Ca.
This is interesting because deformation dynamics is usually analysed only up to O(Ca)
and it may be interesting to understand the deviations predicted by O(Ca?) calculations.
The O(1) velocity field and O(Ca) deformation dynamics of a concentric compound
particle in a linear flow is already reported in Chaithanya & Thampi (2019). In contrast,
the present work investigates the O(Ca) velocity field, and O(Ca?) deformation dynamics
of a concentric compound particle. It has been found that the higher-order calculations
are particularly relevant for compound particles, as they predict qualitatively different
behaviour compared to the leading-order calculations as discussed in §4. The present
work is also able to analyse the effect of rotation of the deformed compound particle on
the deformation dynamics, which is neglected in Chaithanya & Thampi (2019). Moreover,
using these calculations we develop a constitutive equation for volume-averaged stress
and characterise the rheological response of a dilute dispersion of compound particles.
Both shear and extensional rheology are analysed in a single framework by quantifying
the effective shear viscosity, extensional viscosity and normal stress differences. We also
analyse, for the first time, the linear viscoelastic behaviour (of the dilute dispersion) in
terms of complex modulus by subjecting the compound particle to a small-amplitude
oscillatory shear (SAOS) flow. The approach followed in this paper is similar to the work
by Leal (2007) and Ramachandran & Leal (2012) in the context of a fluid droplet in a
linear flow.

This paper is organised as follows. In § 2, we present the mathematical formulation
and present the analytical solutions using a domain perturbation technique with capillary
number, Ca as the small parameter. We thus calculate the velocity and pressure fields
up to O(Ca) using the standard technique of superposition of vector harmonics and then
determine the consequence of this flow field, namely the shape of the confining drop
corrected up to O(Ca?). In §4, we analyse the deformation of the confining drop, and
contrast the dynamics obtained by the O(Ca) and 0(Cd?) calculations. Then in § 5, we
determine the rheology of a dilute dispersion of compound particles in terms of shear and
extensional viscosities, normal stress differences and the complex modulus.

2. Mathematical formulation

We consider a drop of radius b that concentrically encapsulates a solid particle of radius

a =>b/o as shown in figure 1, and « is referred to as the size ratio. The inner and
917 A2-4
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Outer phase
n= /1/1

b =ax

x - Vuimp
a

Inneffphase

Figure 1. A schematic of the compound particle consisting of a solid sphere of radius a encapsulated in a drop
of radius b = aa. The confining interface deforms when subjected to an imposed flow ™. The longest and
shortest dimensions of the deformed interface are respectively indicated by 7,4 and rpy,. If the imposed flow
is a simple shear flow, the alignment angle ¢ is defined as the angle between the elongated direction of the
confining drop and the direction of the imposed flow.

outer fluids are assumed to be Newtonian having viscosities i and p = A1 respectively,
and A is referred to as the viscosity ratio. The typical applications in which the compound
particles are encountered are associated with small length and velocity scales, thus the
viscous effects are dominant compared to the inertial effects. Hence, we assume that the
Reynolds number is small and solve for the Stokes’ equations in the inner and outer fluids
(Russel, Saville & Schowalter 1989),

A/)Va—-Vp=0; V-u=0, (2.1a,b)

VZu—Vp=0;, V.u=0, (2.2a,b)

where, u and u are the velocity fields in the inner and outer fluids respectively. The
corresponding pressure fields are p and p. The variables are non-dimensionalised by using
the confining drop size b as the characteristic length. Let G be the characteristic strain
rate associated with the compound particle and therefore, bG and uG are chosen as the
characteristic velocity and pressure respectively for obtaining non-dimensional quantities.

Equations (2.1a,b) and (2.2a,b) are solved using the standard technique of superposition
of vector harmonics subjected to the following boundary conditions:

(1) In the far field, the velocity of the outer fluid approaches the imposed velocity field,
ie.

u— u" asx —> oo. (2.3)
‘We consider the ambient flow to be linear, of the form,

u" = (E+ R) - x, (2.4)

where, x is the position vector, E and $2 are respectively the symmetric and
anti-symmetric parts of the velocity gradient tensor, V",
(i1) No-slip boundary condition is imposed on the surface of the encapsulated particle,

=R -xat|x| =1/a. (2.5)
917 A2-5
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(iii) Continuity in velocity and stresses are maintained on the confining interface,
u—u=0, (2.6)

1. 1

(a /la) n= Ca(V n)n, 2.7)
where Ca = uGb/y is the capillary number, n is the unit normal vector to the
confining interface and 0 = —pl + (Vu + Vu') and (1/0)6 = —pl + (1/) (Vi +
VﬁT) are the stress tensors in the outer and inner fluids, respectively.

(iv) Under the action of the imposed flow, the confining interface of the compound
particle deforms and does not remain spherical. With the intention of using domain
perturbation technique as a method to solve the problem which can be done by
considering Ca as a small parameter, it is convenient to describe the shape of
the confining interface using a scalar function, F(xs, ) = r — (1 4+ Caf (x5, 1)) =
0, where » = |x| and x; is the position of the interface. In terms of this scalar
function, the kinematic boundary condition on the interface is given by (Leal 2007;
Ramachandran & Leal 2012)

L oF + Ca( )=0 (2.8)
—_ a(u-n) =0, .
[VF| ot
where u is the fluid velocity evaluated at the interface, either approached from the
inner or the outer fluid and ¢ is non-dimensionalised by the interface relaxation time
scale CaG ~!. The normal vector n on the interface and the curvature V - n of the
interface may be obtained as

VF 1 X
_VE L ). 2.9
"= VE |VF|<r af) (2.9)

and

r

R AN . .
n= VF] (r CaV f) Ca |VF|3( Can) (V(Vf) - Vf), (2.10)

respectively. Here, |VF|=./1+ Ca?|Vf|%. Further, the kinematic boundary
condition (2.8) may be simplified as,

B
ai; = (ulr=(1+Caf) - Wy 1 + Ca®|Vf|2. (2.11)

Even though the governing equations are linear, the problem is nonlinear because of the
coupling between the unknown confining drop shape (f) and the flow field. However, the
problem can be solved analytically, by assuming that the droplet deformations are small,
i.e. Ca < 1. We solve the governing equations by expanding all the variables via domain
perturbation approach in terms of capillary number, Ca, (Stone & Leal 1990) as,

fx, ) =fO, 1)+ CafV(x, 1) + Ca®> P x, )+ -- -,
p(x, 1) = p(O) (x, 1)+ Cap(l)(x, 1+ Cazp(z) x4+,
ux,t) =ux, 1)+ Cau'V (x, 1) + Ca?u® (x,1) + - - -, (2.12)
px, 1) =pOx, 1) + CapV(x, 1) + Ca®>pP(x,t) + - - -,
a0, ) = 8P, 0 + Cai'V(x, ) + Ca® (x, ) + - - - .

This asymptotic expansion assumes that the capillary number calculated based on either
of the fluids is small, i.e. Ca < 1 and Ca/A < 1. In the domain perturbation approach, the

917 A2-6
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interfacial quantities at r = (1 4+ Caf) can be obtained by using Taylor’s series expansion
in terms of quantities calculated at the droplet surface r = 1. For e.g. the velocity at the
confining (deformed) interface can be obtained as

ul=11cap = 40—t + Ca@ V=) +x - VuO oy fO) 4 (2.13)

Using this approach, we solve for the velocity and pressure fields up to O(Ca) and

simultaneously determine the O(Ca) and 0(Ca?) correction to the confining spherical
drop shape.

3. Hydrodynamics of the compound particle in a linear flow

In this section, we determine the velocity and pressure fields by solving (2.1a,b) and
(2.2a,b) along with the boundary conditions (2.3)—(2.8) using domain perturbation
technique explained above and the standard solution methodology of superposition of
vector harmonics to solve Stokes’ equations.

3.1. Leading-order solution O(1)

By substituting (2.12) in (2.1a,b) and (2.2a,b), the O(1) governing equations and the
corresponding boundary conditions can be obtained. The leading-order solution is
reported and analysed in Chaithanya & Thampi (2019), so below we just provide the final
expressions.

Using the standard technique of superposition of vector harmonics (Leal 2007;
Chaithanya & Thampi 2019), we may write the velocity and pressure fields in the outer
fluid as a linear combination of E and $2 as

P9 =ciDp) 1 E, (3.1)
u(O) =(E+ 2)-x+ %p(o)x—l— C2D(1) -E+ C3D(3) . E, (3.2)

where D, represents the decaying spherical harmonics of order n, defined as nth-order
gradients of fundamental solution of Laplace’s equation, 1/r. Similarly, the pressure and
velocity fields in the inner fluid are

ﬁ(o) =d1Gp): E+eDp: E, (3.3)
20 _ A0
u’ = Exp + 2 -x+dGqy-E+d3Gaz): E+e2Dqy - E+e3Dg) : E, 3.4)

where, G(,,) represents the growing spherical harmonics of order n and it is related to the
decaying harmonics as, G, = r2”+1D(n). Here, c¢;, d; and e; are the constants that are
linear function of shape parameter b1, which is related to the leading-order shape function
as,

fO=bE: S (3.5)
I

The expressions for the constants ¢;, d; and e; are given in Appendix A. Using (3.5) and
leading-order form of (2.11), we obtain the temporal evolution of the shape parameter,

bi(t) = b (1 — exp (—;)) , (3.6)

indicating that the relaxation process of the confining interface is exponential with b} as
the steady state shape parameter and ¢, as the relaxation time scale.

917 A2-7
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3.2. First-order solution O(Ca)

In this section, we solve for the O(Ca) pressure and velocity fields. The governing
equations at O(Ca) are given by

a/pvia® - vih =0, v.a® =o, } (3.7)
VZul) —vph =0; v.u) =0.
The corresponding boundary conditions are,
u) > 0asx — oo, 3.8)
the no-slip boundary condition on the interface of the encapsulated particle,
iV =0atr=1/a, (3.9)
the continuity of normal and tangential velocities on the confining interface,
((u—a)- n)£12)(1+Caf(0)) =0, } (3.10)
(@ =nn) - @=) " o, =0, '

and the stress balance at the interface,

1 1)
5 (2)
0——0):nn =(V.-n)', 3.11a)
1 r=(14+Caf®)

! M
(((l —nn) . (a — —6)) . n) =0. (3.11b)
A r=(14+Caf©)

Similar to the previous section, (3.7) are solved using the technique of superposition
of vector harmonics. The pressure and velocity fields in the outer fluid are at most
quadratically dependent on E and $2. Thus,

PV =caDoy: E+ ¢sD@) : (E- E) 4 c6(Dyy : E) : E+ ¢7(E : E)
+ gDy : (R - E) + oDy : (E- 2) +c10(2 : 2), (3.12)
u = JxpV + e Dy - E+ciaDg) i E + ci3(E - E) - Dty + c4E - (D) = E)
+ci15D1)(E : E) + ci16D3) : (E - E) +c17 - D1y + c18(82 - E) - Dy
+ci9(E-82)-Day+ c2082-(D3): E) +c2(82-82) - Dy + (82 : 2)Dy)
+c23E : (E: Ds)) +c24(D3y - 2) : £ +c25(D3) - 2) : E (3.13)

917 A2-8
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Similarly, the pressure and velocity fields in the inner fluid are,

PV =d4Gp) : E+ dsGe) : (E - E) +de(Guy : E) : E+ d7(E: E) +d3G) : (2 - E)
+doGoy : (E-R2) +dio(R : 2) +esDy : E+ esD : (E - E)
+ec(Duy:E): E+ e7(E: E)+egDp) : (2 - E)
+e9Dpy : (E - R2) +e10(2 : 2), (3.14)

R A,
ah = Exp(l) +dinGay - E+dipGay: E+di3(E-E) -Gy +diuE-(Ga): E)

+di5G)(E: E) +digGay : (E-E) +di7 - Gy +dig(£2 - E) - Gy
+dig(E-2)-Gay+ dy2:-(Gzy: E)+doi(2-82) -Gy + (2 : 2)G)
+d3E: (E:Ges)) +dou(Gzy - 2): 2 +dos(Gzy-2): E+ ennDy - E
+e1nD) : E+ ei3(E-E) - Dy + euE - (D) : E) + e15D(1)(E : E)

+e16D3) : (E-E) +e1782- D1y +e13(2 - E) - D1y + e9(E - 82) - Dy)

+ex0 2 (D3y : E) +e21(2 - 2) - D1y + (82 : 2)D(1) + ex3E : (E : D(5))
+eu(D@) - 2): 2 +ex5(Dz) - 2) : E, (3.15)

where ¢;, d; and e¢; for i = 41to 25 are the constants determined from the boundary

conditions as follows. As earlier, the shape function f(!) may be expressed as quadratic
combinations of E and £2 as,

x-E-x
)

-(2-E)- (2 -92)-
¥c+b7g:g+bgﬂ—2)x,
I I

(E-E)-x+b (x+ E-x)?

X o
f(l) =b2 +b3E:E+b4 B 5 4
r r

b (3.16)

where b, j = 2 to 8 are unknown constants. In other words, we have seven additional
constants along with by discussed in the previous section to describe the deformed drop
shape. As the volume of the inner fluid in the compound particle should remain constant,

1 1 4m An(l/a)’
Y as e s carypae - L [ qjaae = 2% - /@S

. (317
3 /s, 3 /s, 3 3

where Sp and Sp are the surfaces of the confining drop and the encapsulated particle,
respectively. Simplifying (3.17), we get

(1 + Caf© + ca?fV)3d2 = 4n, (3.18)
Sp

and this gives the following relations between the constants describing the interface

b+b4+2b5+2b%—0 P B (3.19a,b)
3T T s T T Ty T o
917 A2-9
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Enforcing the equation of continuity on the velocity field results additional relations
between the unknown constants,

c6=—c14, ¢7=0, c10=0, c11 =0, c13=0, cig=cr9, ¢ =0,
126d 110d 42d 5Ad
Ay = ———2 0 Qe = — B g = — 22 27D 4 6+ 21dg = 0,
5 7 5 2
3Ady 3Adio 5Adg
— +di3z+3d;5 =0, + 3dy —dy =0, — + 14ds0 + 21drs = 0,
Aeg = —eyy, e7=0, ep=0, e;1 =0, e13=0, eg=-e9, e =0.
(3.20)

In order to impose the continuity in velocity and stress boundary conditions on the
deformed interface, we evaluate those quantities at r = (1 4+ Caf?) as,

(”|r:(1+Caf(°)))(1) = u(1)|r:1 +f(O)V”(0) * X|r=1,

1
(o - n)£:)(1+Caj'(0)) =0V n® £ 6O D 4 fOVeO ). n©,
(3.21)

From (2.9), (2.10) and (3.16), we obtain the normal vector n{") and the curvature of the
interface (V - n)@ at O(Ca) as

(3.22)

a = _vFO = 2p, (x(x.E.x) _ E.x) ,
r=1

74 2

and

(V-m)@ =2((f0)? —fD) — (v2H D — (V)2 —x. (v . vvr®)
= (—10b? 4 18bs)(x - E - x)> + 4byx - E - x — (2b3 + 2b4)E : E
+ (4by — 8bs)x+ (E-E) -x+4bgx+ (2 - E) - x —(2b7 +2b3)R2 : 2
+4bgx- (2 - 2) - x, (3.23)

respectively. The system of equations obtained by imposing the boundary conditions
are given in Appendix B. In the limit @ — oo, the expressions for the constants (refer
(B16)-(B30) in Appendix B) are consistent with the O(Ca) calculations for a drop
(Ramachandran & Leal 2012). As done earlier, the kinematic boundary condition may
be used to evaluate the shape function, £V as,

af(l) )
7 = (ll . n)r:(1+Caf<0)), (324)

917 A2-10
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which further reduces to the description of temporal evolution of the deformed interface
as,

0by 4

= = 2 4 9¢pp, 3.25
o 2 T G20
ab 3
8_t4 = —% — 24c¢6 4+ 9c16 — 300c23 — b1 (2 — 12¢3), (3.25b)
dbs  T5¢q
55 = 7 4+ 525¢23 + b1 (3 — ¢1 — 48¢3), (325¢)
ab 3
996 _ 2% 6ey0 — 9cas + 251, (3.25d)
at 2
obg B 3¢9 9 (3.25¢)
or T2 % e

Here, the variables c; are linear functions of b; where j varies from 2 to 8. We solve the
above set of (3.25a)—(3.25¢) along with (3.194,b) to obtain the shape parameters b;. The
temporal evolution of the shape is illustrated using plots in the next section and the steady
state shape values of b; are given in Appendix C. The expressions for the shape functions
in the limit « — oo are also given in Appendix C (refer (C2)—(C7)), they are consistent
with the calculations for a drop (Ramachandran & Leal 2012).

Hence, using a domain perturbation approach and standard technique of superposition
of vector harmonics, we calculated the pressure and velocity fields up to O(Ca) in both
inner and outer fluids for a compound particle when subjected to an imposed linear flow.
Along with these, we determined the time evolution of the deforming interface of the
confining drop up to O(Ca?). These solutions are illustrated in the next section for various
linear flows.

4. Deformation dynamics of a compound particle in a general linear flow

In the previous section, we described the O(1) flow field (Chaithanya & Thampi 2019), and
then derived the O(Ca) flow field generated by a compound particle and the corresponding
consequences, namely the O(Ca) and O(Ca?) corrections to the confining drop shape.
We now analyse these results for different linear flows (i) a simple shear flow, and (ii)
extensional (both uniaxial and biaxial) flows. We then expand the discussion on interface
deformation dynamics for generalised shear and generalised extensional flows in this
section.

4.1. Simple shear flow

Consider a simple shear flow of the form u = x»i;, where x; is the component of position
vector x and 7; is the unit normal vector associated with x| in the chosen coordinate system.
The symmetric and anti-symmetric parts of the velocity gradient tensor of the imposed
flow are,

([0 10
25=-1-1 0 0]. (4.1a,b)
210 0 0

ES=

| =
SO = O
S o=
oS OO
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Figure 2. (a) Velocity field, represented as streamlines, in and around a compound particle in an imposed
shear flow in the flow—gradient (x;—x;) plane, for « = 2, Ca = 0.1 and 2 = 1. The O(1) flow field is shown in
(b) for comparison. The colour field shows the magnitude of velocity. The filled circle is the encapsulated solid
particle and the solid red line shows the confining drop interface.

Using (4.1a,b), the shape of the confining drop may be obtained as,

XX XX by —b ba — b [ x% + x2
r,¢) = 1+b1Ca(¥>+Caz by 122+ 3 7+ 4 8 [ X7 i 5
r r 2 4 .

2.2 2 2
X7X be [x7—x

+bs22 4 2 [_22) ) + o) |, 4.2
5= 4< ) (Ca”) (4.2)

where x| = rsinf cos ¢, xp = rsinf sin¢ and x3 = rcos, r is the magnitude of the
position vector x, 6 is the polar angle measured from the x3 axis (0 <6 < ) and ¢ is
the azimuthal angle measured around the x3 axis (0 < ¢ < 27).

The steady state flow fields in and around a deformed compound particle are illustrated
in figure 2(a). Equations (A2), (A4), (B2), (B4) and (C1) have been used to calculate the
velocity field and the corresponding confining drop shape. For comparison, O(1) velocity
field is shown in figure 2(b) (Chaithanya & Thampi 2019). In the imposed simple shear
flow, the encapsulated rigid particle rotates with an angular velocity G/2, and the curved
streamlines inside the confining drop illustrate the recirculating fluid flow around this
rotating rigid particle. Similarly, the outer fluid close to the interface also has curved
streamlines. However, compared to that of a spherical compound particle (figure 2b) or
a particle without a confining drop (Sadhal et al. 1997; Leal 2007), the streamlines around
the compound particle show distortions corresponding to the deformed interface.

Now we proceed to analyse the confining drop shape and its evolution. The time
evolution of the confining drop shape (up to O(Ca?)) in a simple shear flow for o = 2,
A =1 and Ca = 0.2 is depicted in figure 3(a). At t = 0, the confining drop is spherical,
but the imposed flow deforms the interface with time. Finally, the confining drop attains a
steady shape that is elongated in a direction close to the extensional axis of the imposed
flow and compressed in the orthogonal direction.
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Figure 3. The time evolution of (@) the confining drop shape in a simple shear flow for 1 =1, « =2 and
Ca = 0.2 (equations (3.6), (3.25) along with (3.19a,b)). The black patch at the centre indicates the encapsulated
solid particle. () The deformation parameter D determined by (4.3), and (c) the alignment angle ¢, for various
size ratios « and viscosity ratios A. The solid lines correspond to D (and ¢) obtained for various « and the
dotted lines correspond to those obtained for various A.

Similar to the deformation parameter defined by Taylor (1932) to analyse the shape of
drops, we define a deformation parameter D as

_ (rmax — @) — (Fmin — @)
B (rmax — @) + (Fmin _a)’

that quantifies the extent of deformation of the compound particle as done in Chaithanya
& Thampi (2019). Here, 1,4 and 1y, are the longest and shortest dimensions of the
deformed interface as shown in figure 1. The limits, D =0 and D =1 respectively
correspond to the case of an undeformed spherical interface and the case where the
confining interface touches the encapsulated solid particle. The latter case can be regarded
as the onset of break-up of the confining drop since the interface comes into contact
with the encapsulated solid particle. Therefore, unlike that of a simple drop, large values
of deformation parameter do not necessarily mean a large deformation of the confining
drop. This is especially the case in the limit « — 1. In other words, in the limit ¢ — 1,
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breakup (D = 1) may occur even with a weak deformation of the confining drop, and
therefore the perturbation approach used in this work remains valid all the way up to the
confining drop breakup.

The time evolution of deformation parameter D for Ca = 0.2 but for various values
of @ and A are plotted in figure 3(b). In all cases, D increases with time indicating the
progression of deformation. Finally D reaches a plateau corresponding to the steady state
shape of the confining drop. In some cases, D reaches 1 representing the break up of the
confining interface. Of course the progression of deformation and the final value of D
depend upon the particular values of @ and A, and this dependence is discussed later in
this section.

Another consequence of calculations at O(Ca?) is its ability to predict the orientation of
the elongated interface in a simple shear flow. The O(Ca) correction to the confining drop
shape shows that the elongated direction of the confining drop aligns with the extensional
axis of the flow, i.e. 45° with the flow direction in the flow—gradient plane as reported in

Chaithanya & Thampi (2019). However, O(Cda?) calculation takes into account the effect
of vorticity of the imposed flow, which then predicts that the elongated interface does not
orient along the extensional axis of the imposed flow. We define an alignment angle ¢, as
shown in figure 1, as the angle between the elongated direction of the confining drop and
the flow direction (x1) in a simple shear flow.

The time evolution of alignment angle ¢ at Ca = 0.2 for various values of @ and A is
plotted in figure 3(c). The alignment angle ¢ decreases with time before reaching a steady
value, indicating that the deformed drop rotates towards the flow direction as dictated by
the imposed vorticity, finally attaining an orientation that is in between the flow direction
and the extensional axis of the imposed shear flow.

The extent of deformation of the confining interface of the compound particle that
resulted from the imposed shear flow is different in different directions. The steady state
shape of the confining drop (see (4.2)), when viewed in three different planes, namely
the flow—gradient (x;—x>), flow—vorticity (x;—x3) and gradient—vorticity (x;—x3) planes are
shown in figures 4(a)—4(c). The interface deformation is largest in the flow—gradient plane
with the confining drop elongated in a direction described by ¢. Confining drop is lesser
deformed in the flow—vorticity plane and the gradient—vorticity plane, with the interface
elongated in the flow direction in the former and compressed along the vorticity direction
in the latter.

Figures 4(a)-4(c) also illustrate the deformed shape of the confining drop for various
capillary numbers. Increase in Ca signifies increasingly dominant shear force over the
resisting interfacial tension and, therefore, the extent of deformation of the confining
interface increases with increase in Ca. This is evident from the confining drop shapes
shown in various planes (figures 4(a)—4(c)). For the largest capillary number Ca = 0.3
considered in this figure, dimples form on the interface, as evident in the flow—gradient
plane (figure 4a). The extent of compression of the interface is not same in all directions,
with the maximum compression observed along the vorticity direction. Incidentally, in
this particular case, the deformed interface comes in contact with the encapsulated solid
particle (figure 4c) and marks the break up of the confining drop.

The extent of deformation of the confining drop is mainly dependent upon the three
non-dimensional numbers, namely the capillary number Ca, the size ratio « and the
viscosity ratio 4, as illustrated comprehensively in figure 5. The steady state deformation
parameter D as a function of Ca for various o and A is shown in figures 5(a) and 5(b)
respectively. The corresponding steady state shapes of the deformed interface of the
compound particle at a fixed Ca = 0.1 but for various « and A are shown in figures 5(c)
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Figure 4. The deformed shape (see (4.2)) of the confining drop viewed from various planes: (a) in
flow—gradient (x;—x) plane, (b) in flow—vorticity (x;—x3) plane and (c) in gradient—vorticity (x,—x3) plane
for different capillary numbers. The dashed line represents the initial, undeformed shape of the confining drop
and the filled circle is the encapsulated solid particle.

and 5(d) respectively. The deformation parameter (or deformation of the confining drop)
increases with increase in capillary number Ca, and decreases with increase in size ratio
o and viscosity ratio A. This dependency of steady state deformation parameter on Ca,
o and A based on leading-order calculations is reported by Chaithanya & Thampi (2019),

and they are shown as dotted lines in figure 5. The O(Cd?) calculations are shown as solid
lines in figure 5.

As expected O(Ca) and O(Ca?) theory respectively show a linear and a quadratic
dependence of D on Ca. More importantly, O(Ca) calculations underpredict the
deformation parameter. (However, at very large viscosity ratios, O(Ca) calculations
overpredict the value of D.) Interestingly, the difference between 0(Cd?) and O(Ca)
calculations decreases with decrease in «, and with increase in A at a fixed capillary
number. This is because, small o or large A correspond to cases where the deformed
interface of the confining drop deviates least from the spherical shape. The degree
of underprediction in D by linear theory is proportional to Ca, showing that O(Ca?)
theory significantly deviates from O(Ca) predictions as capillary number increases. This
observation also assumes importance because, compared to O(Caz) calculations the linear
theory will also be overpredicting Cac,;, the capillary number at which break up of the
confining interface of the compound particle occurs.
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Figure 5. The effect of Ca on the steady state deformation parameter D (a) for various size ratios o, at 4 = 1
and (b) for various viscosity ratios A, at « = 1.5. The markers in (a, b) indicate Caci, the capillary number
at which D = 1, which signifies breakup of the confining drop as the interface comes in contact with the
encapsulated rigid particle. The corresponding steady state confining drop shapes at Ca = 0.1 and (c) for
various « and (d) for various A. The solid and the dotted lines correspond to 0(Ca?) and O(Ca) calculations
respectively.

Similar to D, the alignment angle also depends upon the capillary number, the size ratio
and the viscosity ratio. Figures 6(a) and 6(b) show the dependency of steady state ¢ on
Ca for various size ratios and viscosity ratios. In all cases, the alignment angle decreases
with increase in Ca, making the elongated interface to orient closer to the flow direction
of the imposed shear flow. The vorticity associated with the imposed flow acts to rotate the
deformed drop towards the flow axis, while the surface tension force acts to revert it back
to the spherical shape, and this competition determines the alignment angle. If the surface
tension forces dominate the shear forces (smaller Ca), the confining drop aligns with the
extensional axis, otherwise the confining drop aligns more with the flow axis. Similarly, ¢
decreases with decrease in « or 4 at a given Ca. Thus, the deformed drop aligns closer to
the flow axis in strong shear flows, and when the encapsulated particle is bigger and the
viscosity of the confining fluid is larger. This behaviour of alignment angle following that
of deformation parameter occurs as larger deformation results in more anisotropic shapes
that orient closer to the flow direction.

To summarise this section, we have analysed fluid flows in and around a compound
particle as well as the consequent deformation of the confining interface when it is
subjected to an imposed shear flow. The O(Ca?) calculation of the deformed shape of
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Figure 6. The effect of capillary number on the steady state alignment angle, ¢ calculated from (4.2) in a
simple shear flow (a) for various size ratios at A = 1 and (b) for various viscosity ratios at « = 1.5.

the confining drop shows that the deformation of the interface increases with increase in
Ca and this larger deformation results in orienting the deformed interface to align close to
the flow axis in a simple shear flow. Further, the steady state deformation parameter and
the critical capillary number increase while the alignment angle decreases with increase
in @ and A due to increased hydrodynamic interaction between the enclosed solid and the
confining interface.

4.2. Extensional flows

In this section, we analyse the deformation of the confining drop when the compound
particle is subjected to an extensional flow. This analysis is important since earlier
investigations, both experimental (Taylor 1934; Bai Chin & Dae Han 1979; Grace 1982;
Mietus et al. 2002; Mulligan & Rothstein 2011) and theoretical or numerical (Taylor 1934;
Bai Chin & Dae Han 1979; Qu & Wang 2012), have concluded that the deformation
and breakup of a simple drop (without encapsulated particles) differ considerably when
subjected to shear and extensional flows.

Consider the two extensional flows namely, the uniaxial and biaxial flows described by
the strain rate tensor,

1 0 0
1 0|, eF=o, (4.4a.,b)
0

+2

Ef =

11T
-1 0
210

where the first and second signs indicate uniaxial and biaxial flows, respectively. We follow

the same convention throughout this section. Then the shape of the confining drop for
uniaxial and biaxial flows can be obtained as

13+ x2 2 162 4+ 2 2
r@@,¢)=|1+b1Ca q:_uiﬁ +cd (b $_()61 xz)iﬁ
2 2 r2 2 2

2
3 163 +23) | 13 1ai+x) 5 3

4.5)
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Figures 7(a) and 7(b) show the velocity fields in and around a compound particle
obtained for uniaxial and biaxial flows, respectively. The deformed shape of the confining
drop is also plotted (solid red line). Clearly, the velocity fields are similar in both cases
with recirculating fluid flows appearing in each quadrant. The orientation of the elongated
interface is along the extensional axis of the flow but the extent of the deformation is
different for uniaxial and biaxial flows. For uniaxial flows, extensional axis of the imposed
flow is along the x3 axis while for biaxial flows extensional flow is in the radial direction
in the x;—x; plane. This difference results in the confining interface adopting a prolate
spheroid-like shape for uniaxial flows and an oblate spheroid-like shape for biaxial flows.
These shapes, for various o, when viewed in two different planes, the x;—x3 plane and the
x1—x> plane are shown in figures 7(c)-7(f). The axisymmetry of the deformed shapes is
apparent in the x;—x, plane in all cases.

As earlier, the deformation parameter D can also be calculated using (4.3) for uniaxial
and biaxial flows as

3a by | bs ab? 3
D=—"— |bhCa+Ci?|bpxt=+ 25 —1 o(Cad). 4.6
4(a_1)<1a+a<2 5 2:F4(a_1) + O0(Ca”) (4.6)

In the limit of A — oo and (@« — 1) — 0 such that the hydrodynamic interaction between
the encapsulated particle and the interface is a dominant effect, (4.6) reduces to give the
deformation parameter as,

630a (o — 1)Ca + a(671a — 986)Ca?

D =
420(a — 1)2

4.7)

Thus, D is same for uniaxial and biaxial flows up to O(Ca) but differ at O(Ca?). This
difference is also illustrated in figures 7(c)-7(f). The deformation calculated at 0(Cd?)
(solid lines) is more compared to that at O(Ca) (dotted lines) for uniaxial flows. On the
other hand, for biaxial flows, drop deformation and thus the predicted value D are less
at 0(Ca?) compared to that at O(Ca). In other words, O(Ca) calculation underpredicts
deformation for uniaxial flows and overpredicts it for biaxial flows.

Similar to the case of a simple shear flow, the deformation of a confining drop in
extensional flows increases with decreasing « or A for a particular Ca, and increases with
increase in Ca. These dependencies can also be understood by monitoring critical capillary
number, Ca,,i; beyond which the confining drop breaks up (D = 1). Therefore, Cac,i; is
plotted as a function of A for various « and various imposed flows in figure 8. Irrespective
of the flow type, Ca,,; increases with increase in A or . For small viscosity ratios, 4 < 1,
Cac,i; for shear flows is smaller suggesting that shear flows are stronger in deforming the
interface compared to the uniaxial and biaxial flows. This trend reverses for large 1. As
mentioned earlier, due to the difference in the deformation characteristics, uniaxial flows
show lower Cac,;; compared to biaxial flows.

4.3. Generalised shear and extensional flows

In this section, we expand the analysis described in the two previous sections to generalised
shear and generalised extensional flows. We may define a generalised shear flow (Graham
2018) which has the velocity gradient tensor as,

0
gos - LA 1
2 o

0 1 0
—1 0 of, (4.8a,b)
2 0 0 0

1 0
0 0|, R°=
0 0
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Figure 7. Velocity field in and around a compound particle in an imposed (@) uniaxial and (b) biaxial flow.
Here, « =2, Ca = 0.1 and A = 1. The colour bar represents the magnitude of the velocity. Effect of the size
ratio o on the deformation of a compound particle (¢) in the x;—x3 plane and (e) in the x;—x; plane for uniaxial
flow and (d) in the x;—x3 plane and (f) in the x;—x; plane for biaxial flow. The solid and dotted lines represent

the drop shape at O(Ca?) and O(Ca) (Chaithanya & Thampi 2019) respectively.

where the parameter § takes values from —1 to 1. The limiting casesof § = —land 8 = 1
correspond to the pure rotational and pure straining flows, respectively. Simple shear flow
is obtained when 8 = 0.

Figure 9 shows the steady state flow fields in and around a deformed compound particle
for 8 = —1 and § = 1. As shown in figure 9(a), for 8 = —1 which corresponds to a pure
rotational flow, the velocity field has only azimuthal component of velocity, there will not
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Figure 8. The variation of the critical capillary number Cac,;; vs the viscosity ratio A for various size ratios
o (= 1.5,2,2.5) and in different imposed flows.
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Figure 9. Velocity field in and around a compound particle in an imposed flow; (a) 8 = —1, (b) B = 1. Here,
a =2, Ca=0.05and A = 1. The colour bar represents the magnitude of the velocity.

be any velocity normal to the interface, and therefore the confining drop remains spherical.
As f increases, the strength of the extensional component in the imposed flow increases
(refer to figure 9b), which results in larger deformations, with the largest D obtained for a
purely extensional flow (8 = 1).

Figure 10(a) summarises the deformation behaviour of the confining drop of the
compound particle by plotting the dependence of deformation parameter, D, on . In
purely rotational flows (8 = —1), the confining drop does not deform (D = 0), since
the imposed flow corresponds to deformation free (rigid-body-like) rotation of the fluid.
As B increases, the strength of extensional component in the imposed flow increases
which results in larger deformations, with largest D obtained for § = 1. Figure 10(a)
also shows the predicted values of D at O(Ca), shown as dotted lines for comparison.
In the linear theory, D increases linearly with 8 with rotational component playing no
role. As mentioned earlier, the first effect of imposed vorticity is taken into account
at 0(Ca?), and thus D calculated at O(Ca?) exhibits a nonlinear behaviour with an
increase in S, as shown. Thus, in the rotation dominated flows (8 < 1), O(Ca) calculation
underpredicts the deformation of the confining drop. On the other hand, as § — 1, O(Ca)
overpredicts D. It is also worth noting that O(Ca®) corrections are significant when
the hydrodynamic interaction between the encapsulated particle and the confining drop
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Figure 10. The deformation parameter D (a) in generalised shear flows, as a function of 8 and (b) in
generalised extensional flows as a function of m. In these plots, 4 = 1 and Ca = 0.1. Solid and dotted lines
correspond to 0(Ca?) and O(Ca) calculations.

interface becomes strong. Therefore, the case of @ = 1.5 shows largest deviation in the
predicted values of D at O(Ca®) compared to predictions of linear theory.

A similar analysis can be performed for extensional flows as well, where the generalised
extensional flow may be defined with a velocity gradient tensor as,

1 1 0 0
ECE = 0 m 0 , QY =o, (4.9a,b)
V2 +m+m») 10 0 —(1+m)
where, the parameter m may take different values. For example, m = —1/2 corresponds to

a uniaxial flow (x; being the extensional axis), m = 0 corresponds to a planar extensional
flow and m = 1 corresponds to a biaxial flow (x3 being the compressional axis).

Figure 10(b) shows the dependency of deformation parameter D on m. Clearly, the
deformation parameter is only weakly dependent on m, with D varying only slightly
between uniaxial (m = —1/2), planar extensional (m = 0) and biaxial (m = 1) flows.
However, irrespective of the type of imposed flow, D increases with decrease in «. Again,
predictions from O(Ca) calculations are shown as dotted lines in the same figure for
comparison. It is interesting to note that, the linear theory shows a monotonic increase
of D with m while this is not the case at O(Ca?). The implication is that linear theory
falsely suggests that biaxial flows (m = 1) are stronger than uniaxial flows (m = —1/2)
in deforming the confining interface (Chaithanya & Thampi 2019), while the situation
reverses by taking into account of O(Ca?) corrections. In other words, D at m = 1
is smaller than D at m = —1/2, similar to the calculations for a simple drop (Davis
& Brenner 1981), and therefore, uniaxial flows are stronger in deforming a compound
particle. This effect may be understood as follows. Biaxial flow compresses the confining
drop towards an oblate shape while a uniaxial flow stretches it towards a prolate shape.
As deformation increases, the prolate shaped interface meets the solid inclusion before the
corresponding oblate. Therefore, though biaxial flow is obtained by reversing the direction
of uniaxial flow, the latter is stronger than the former to cause breakup of the confining
drop. The other observation to note is that, as observed for generalised shear flows, the
difference that arises due to O(Ca?) corrections from the linear theory also increases with

decrease in «, making the O(Ca?) calculations more relevant for compound particles.
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5. Rheology of a dilute dispersion of compound particles

So far, we have analysed the deformation dynamics of a compound particle when subjected
to various imposed flows using the results derived from a domain perturbation approach.
The same analysis is useful in predicting the rheological behaviour of a suspension of
compound particles. In this section, we characterise the rheology of a dilute dispersion
of compound particles in terms of effective shear viscosity, extensional viscosity, normal
stress differences and the complex modulus.

Consider a dispersion made up of compound particles such as those shown in figure 1
(encapsulated particle of size a, confining interface of size b = aw and inner fluid viscosity
ft) in a carrier fluid of viscosity u = Ajt. The volume fraction (based on the size of the
confining drop) of the compound particles ¢ < 1, so that the dispersion is dilute and
hence any hydrodynamic interaction between the compound particles will be neglected.
On subjecting this dispersion to an imposed flow described by a rate of strain tensor E, we
may define a volume-averaged stress (Batchelor 1970) for the dispersion as,

(0) = —(p)I + 2E + ¢S, (5.1)

where S is the stresslet associated with a single compound particle. This quantity can be
easily extracted from the steady state far field solution of the disturbance velocity field
generated by a single compound particle (calculated in §§ 3.1 and 3.2),

3 7

(5.2)

B c1 cs r_ S0 F. . I_x 3xxx
u_(—gE—i-Ca(?(E'E—g(E-E))-i—4(52 E—E 52)))( )

where the last bracketed term (Ix/r> — 3xxx/r’) is the symmetric part of the gradient of
Oseen tensor. The expression for ¢ is given in Appendix A (see (A5)), and the expressions
for ¢5 and cg are given in Appendix B (see (B14) and (B15)). Therefore, as implied by the
boundary integral equations for creeping flow, the stresslet can be identified as (Batchelor
1970; Leal 2007; Ramachandran & Leal 2012),

g S(ee— L. S Q.E—E-
S—8n( 6E+Ca<2(E E 3(5.5))+4(sz E-E 52))) (5.3)

Substituting (5.3) in to (5.1) gives an expression for the volume-averaged stress as,

I
(0) = —(p) +2€ (1 - ¢%‘) +¢Ca (SC5 (E- E— J(E: E))

+ 3%(9 .E—E- Sl)) + 0(¢?, ¢p*Ca, pCa?), (5.4)

which can be further analysed to extract the rheological quantities of interest for a dilute
dispersion of compound particles as discussed below.

5.1. Shear viscosity

Subjecting the dilute dispersion of compound particles to an imposed flow, u™™ = x»iy,
the effective shear viscosity of the dispersion can be calculated from (5.4) as,

_lo o ) 5
e = S = (1 ¢2)+0(¢ . $2Ca. $Ca). (5.5)

Thus, the first correction to the shear viscosity is O(¢) and it depends only on the
leading-order stress field. In other words, O(Ca) stress field generated due to deformation
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of the confining drop does not contribute to shear viscosity for dilute dispersions. However,
hydrodynamic interaction between compound particles can lead to further corrections,
which will be accounted at O(¢2). Taking appropriate limits the expression derived above
for shear viscosity (5.5) can also be deduced from the works of Davis & Brenner (1981),
Stone & Leal (1990), Mandal et al. (2016) and Das et al. (2020).

It is interesting to look at the limiting case of (5.5) first. (i) In the limit, « — 1 (or 4 —
0), (5.5) reduces to the Einstein relation for the effective viscosity of a dilute suspension of
spherical rigid particles e = (1 + %d)) (Einstein 1906, 1911). (ii) In the limit of @ — oo,
(5.5) reduces to Taylor’s relation for the effective viscosity of a dilute emulsion jer =
1+ ((5+20)/@2+212)¢) (Taylor 1932; Oldroyd 1953). (iii) In the limit of « — 1, but
retaining O(a — 1) terms, the effective shear viscosity of a suspension of particles that are
coated with a thin fluid film of inner fluid can be calculated as,

Jefr ™ (1 +¢ (g — B =1+ O — 1)2)) . (5.6)

Therefore, O(« — 1) correction to the effective viscosity of a dispersion is negative,
indicating that the viscosity of a dilute suspension of spheres can be reduced by providing
a thin coating of a viscous fluid. (iv) In the limit of 4 — o0, (5.5) reduces to the effective
viscosity of a dilute emulsion of bubbles ez = (1 + ¢), where the positive viscosity
correction arises purely due to the interfacial tension of the confining interface.

Figure 11(a) shows the complete picture, where the enhancement factor in the effective
shear viscosity (uer — 1)/¢ is plotted as a function of size ratio @ and viscosity ratio A.
At a given viscosity ratio, s decreases with increase in o from Einstein’s to Taylor’s
limit. Similarly, for a given size ratio, the effective viscosity decreases with increase in
viscosity ratio. This behaviour can be understood as follows. As the resistance to the fluid
flow increases, an increase in the effective viscosity may be anticipated. The resistance to
the imposed flow is maximum in the case of rigid solid spheres. This resistance decreases
with increase in the thickness of the coating (confining drop size) on the rigid spheres.
Therefore, the effective viscosity decreases with increase in the size of the confining drop
(o). Similarly, as the viscosity of the inner fluid decreases, the resistance to the imposed
flow decreases, thus, the outer fluid can easily slip past the confining interface. Therefore,
the effective viscosity decreases with increase in the viscosity ratio. It is worth noting that,
as mentioned earlier, Ca does not appear at O(¢) in (5.4) and therefore the stress resulting
from the deformation of the confining drop does not have any effect on these calculations.

Another useful rheological measure that can be extracted from (5.4) is the shear
viscosity of the compound particles when the confining interface has zero surface tension
or Ca — oo. This corresponds to a situation where the kinematic boundary condition (2.8)
is not respected, b1 = 0 and therefore the effective shear viscosity is obtained as,

S
o = ( - %) : (57)

where the expression for cf is given in Appendix A (see (A16)). In the limit of « — oo,
the ufﬁ = Au(l + ¢ (5(1 — )/(2 4+ 312))), aresult obtained by Batchelor & Green (1972)

for a dilute emulsion of drops.
Figure 11(b) illustrates the dependence of ufﬁ on the size ratio and viscosity ratio of the

compound particles in the dispersion. The dependence of Mfff on ¢ and A is similar to that
of iefr, however, with the important difference that the effective viscosity /Lfff is smaller
than the suspending fluid viscosity u for a range of viscosity ratios. As seen in the figure,
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Figure 11. Effect of the viscosity ratio A and size ratio o on the shear viscosity, plotted as contours of the
enhancement factor, (a) (iqs — 1)/¢ (see (5.5)) and (b) (Mfff — 1)/¢ corresponding to the case of Ca — oo
(see (5.7)).

this reduction in viscosity occurs only beyond a viscosity ratio termed as critical viscosity
ratio /1;g . Equating ,ufff — 1 to zero, we obtain the critical viscosity ratio from (5.7) as,

2B =—@a'® 4 1250”7 — 336a° + 200 + 8 — 5(49a?° + 140" — 11750 4 2352012
— 1288c' — 1607 + 64)17%) /(8(4a'® — 2507 + 420° — 250> + 4)), (5.8)

beyond which a reduction in viscosity will be observed.

5.2. Extensional viscosity

By subjecting the dilute dispersion of compound particles to a uniaxial extensional flow,
we can calculate the extensional viscosity (or Trouton’s viscosity) ueTﬁc as the ratio of the

normal stress difference to the imposed shear rate,

T _ 033—01l 033 =02

- (5.9)
Heff E33 E33

Hence, the extensional viscosity of a dilute dispersion of compound particles can be
obtained from (5.4) as

c1 3¢5
uly = (3 +3¢ (—5 + CaT)) + O(¢?, ¢*Ca, pCa>). (5.10)

The above expression (5.10) can be deduced from the work of Santra et al. (2020b) on
compound drops by taking the appropriate limit.

The dependencies of the Trouton viscosity of a dilute dispersion of compound particles
on the size ratio and viscosity ratio of individual compound particles are shown in
figure 12. Again, instead of viscosity, it is the enhancement factor (,usz — 3kefr) /@ that
is plotted against A. For a Newtonian fluid, the Trouton viscosity is equal to 3¢ and
the enhancement factor is exactly zero. This limit is indicated by the flat line in figure 12.
Dispersions of compound particles show deviations from this Newtonian limit — larger
deviations (and thus larger /LeTff) are observed for smaller values of « and A. As A increases,
the enhancement factor for the Trouton viscosity asymptotes to a constant, independent
of «. On the other hand, for a given A, increase in « reduces the Trouton viscosity.
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Figure 12. The variation of the Trouton viscosity vs the viscosity ratio A for various size ratios and Ca = 0.1.

The decrease in the Trouton viscosity with an increase in the size ratio or with an increase
in the viscosity ratio occurs for the same reason as the decrease in the effective viscosity
discussed in the previous section.

These observations can also be endowed by analysing (5.10). The Newtonian limit can
be recovered for the special case, when Ca = 0 so that the confining interface is exactly
spherical, and (5.10) reduces to give the extensional viscosity ueTﬁc = 3lefr. In general,
compound particles show deviations from this Newtonian behaviour since Ca #=0 and
the confining drop is deformed. Of course, as mentioned in the previous sections, the
extent of the deviation depends upon the specific values of o and A. For large values of
A the enhancement factor (,ueTﬁ» — 3itefr) /¢ asymptotes to 36Ca/35 a constant, which is
independent of « and consistent with the observations in figure 12. In the limit of « — 1,
but retaining O(«x — 1) terms, the extensional viscosity of a suspension of particles that
are coated with a thin fluid film of inner fluid can be calculated as,

M%—Mwww_ﬁmm4)2wmﬁ—nm+m»
¢ - 896(a — 1) 3584

It is clear that the Trouton viscosity increases with a decrease in «. In the
opposite limit, the case of simple drops without encapsulated particles, i.e. as o —
00, (5.10) provides the enhancement factor (,ueTﬁ- — 3ie)/P = 9Ca(6423 4+ 7324% +

11791 + 475)/(560(1 + 1)*). This result matches with the result of Ramachandran &
Leal (2012) with the slip coefficient being zero and with Mandal et al. (2017) when no
surfactants are present.

Hence, it is clear that a larger Trouton viscosity is observed for smaller values of « and
A. This behaviour is qualitatively similar to that of the effective shear viscosity. However,
comparison with the case of Ca = 0 suggests that deviations from the Newtonian limit
(uzﬁ, # 3Lefr) arise in the dispersion of compound particles due to the deformation of

+0m—n>.6n)

the confining interface. Consequently, a time-dependent increase in the deformation of the
confining drop (as discussed in §4.1) can give rise to a time-dependent increase in the
extensional viscosity. Another feature to notice is that, (5.11) shows that the enhancement
factor for ueTff of a dilute dispersion of compound particles can be made negative. This is
similar to the case of shear viscosity and indicates that the extensional viscosity of a dilute
suspension of spheres can be reduced by providing a thin film coating of a less viscous
fluid on the particles.
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5.3. Normal stress differences

In §4, we have seen that an imposed flow acts to deform the confining spherical drop
while the interfacial tension acts to revert it back, yielding an anisotropic shape of the
confining drop. Therefore, the force distribution around the compound particle will also
be anisotropic, inducing normal stress differences in a dispersion of compound particles.
Normal stress differences, a characteristic of viscoelastic behaviour of a fluid, can also be
determined by analysing the volume-averaged stress (5.4) as in the last two sections.

Subjecting the dilute dispersion of compound particles to a simple shear flow u =
x211, (5.4) renders the first and second normal stress differences N1 and N, as

Ny = o011 — o2 = ¢Ca (3%) + O(¢>, ¢*Ca, pCa?), (5.12)
Ny = 027 — 033 = $Ca (@) + O(¢?, $*Ca, pCa®). (5.13)

The dependency of the first and second normal stress differences on the viscosity and
size ratio of compound particles is shown in figure 13(a). In all cases, N is positive and N7
is negative. Moreover, it may be noted that both N1 and —N; decrease with an increase in
the viscosity ratio for a given «. The asymptotic values of the normal stresses as 4 — 0o
can be deduced from (5.12) and (5.13) respectively as Ny /¢pCa = 32/5 and —N>/¢pCa =
20/7. For a given viscosity ratio, both N; and —N, decrease with an increase in the size
ratio. The two data sets are put together in figure 13(b), which shows the ratio of normal
stress differences, —N,/N; as a function of A for various «. This ratio increases with an
increase in A or «. Irrespective of o and A, the value of mod — N,/Nj is less than 1.
This behaviour can be understood by analysing the extent of deformation of the confining
drop in different planes. We have seen that the deformation of the confining drop is larger
in the flow—gradient plane compared to that in the vorticity—gradient plane. Therefore,
the N1 which is based on the stresses in the flow—gradient plane is always larger than the
N> which is based on the stresses in the vorticity—gradient plane. The maximum value of
—N> /N1 = 0.4464 is approached at large A, independent of the value of «.

The limiting case of o« — oo which corresponds to a dilute suspension of drops
that does not contain encapsulated particles, is also shown in figure 13(a). The
mathematical expressions that correspond to these curves can be obtained from (5.12) and
(5.13) respectively, as N1/¢pCa = (164 + 19)2/(40(/1 + 1)?) and Ny /pCa = —(8004% +
192642 4 16234 + 551) /(280(A + 1)3), and they are consistent with the works of
Ramachandran & Leal (2012) and Mandal et al. (2017). On the other hand, in the limit
o — 1, which corresponds to solid particles coated with a thin film of inner fluid, we can
determine the normal stress differences as

N 45 15(154 — 34 337512 — 54601 + 4412
L _ _ X ) . { + )+0(a— 1), (5.14)
#Ca 32 —12  64a—1) 512
and
N> 45 15(4510 — 89) 1687542 — 187201 + 10484
=— — + O — 1).
#Ca 64(a — 1)2 ' 448(a — 1) 7168
(5.15)

The apparent large increase in N; and —N, as o — 1 represents the result of increased
deformation of the confining interface in this limit. These expressions hold correct only

917 A2-26


https://doi.org/10.1017/jfm.2021.233

https://doi.org/10.1017/jfm.2021.233 Published online by Cambridge University Press

Dilute dispersion of compound particles

(@) ) ®) 45

—a=15

—a=2

s 20 —a=25
(_é a — oo (drop) 0.40 |
~
Z\N N Z 0.35
o
S 10 =
&) |
S_ s 030 —e
o _ iy =
T S —a=25
0 025 o — oo (drop)
100 10! 102 10° 10! 102
A A

Figure 13. Effect of the viscosity ratio A on the normal stress differences for different size ratios; (a) N1 /¢Ca
(solid lines) and N, /¢ Ca (dash-dotted lines), (b) —N»/Nj.

when Ca < Caci, i.e. when the thin film coated on the particle is stable (without breakup)
in the imposed flow.

Hence, as observed for the extensional viscosity, both N; and N, are also
dependent upon extent of deformation of the confining drop. Consequently, the
normal stress differences for a dilute dispersion of compound particles will exhibit
capillary-number-dependent and time-dependent behaviour following the extent of
deformation of the confining interface.

5.4. Small-amplitude oscillatory shear flow

Finally, we characterise the linear viscoelastic behaviour of a dilute dispersion of
compound particles by subjecting the dispersion to a SAOS. In general, the rheological
response of the dispersion may be linear or nonlinear, and the transition from linear to
nonlinear response can be observed by increasing the amplitude of the shear rate at a
fixed frequency. In the following, we restrict our analysis to the linear regime, where the
analytical calculations are possible.

Consider an imposed oscillatory shear flow of the form

U™ = exp (iwf)xiy, (5.16)
where w is the frequency of oscillation. In the linear regime, shear stress is related to the

complex modulus (G*) (Ramachandran & Leal 2012) via,

*

G
(o12) = $2E12, (5.17)

where G* = G’ + iwG”, G’ is the elastic or storage modulus and G” is the viscous or loss
modulus. Comparing (5.17) and the volume-averaged stress, (5.4), we find that

C1
G* :a)(l —¢7). (5.18)
The constant ¢ in (5.18), associated with the velocity field, is dependent on the drop shape
parameter bj.

Previously, in §4.1, we described the time evolution by, and thus the shape of the
confining interface in an imposed simple shear flow. Here, we need to analyse the time

917 A2-27


https://doi.org/10.1017/jfm.2021.233

https://doi.org/10.1017/jfm.2021.233 Published online by Cambridge University Press

P.K. Singeetham, K.V.S. Chaithanya and S.P. Thampi

evolution of the shape parameter b in an imposed oscillatory shear flow, which is obtained
from the leading-order kinematic boundary condition, (2.11), as

ab by — b}

- tiwb) = - — (5.19)

fe

In the long time limit, where the unsteady term can be neglected, so that we can obtain a
frequency-dependent shape parameter,

by

by = —.
1+ iwt,

(5.20)

Following the procedure developed in Ramachandran & Leal (2012), we evaluate ¢ in
terms of b1 using (5.20) and substitute it in (5.18), to obtain the expression for the complex
modulus (G*) as,

G +iwG’ = w (1 - % (5(((40 — 100a> + 100a” — 400'H 2 — 4(a — D*(4 + 16a

+ 400 + 550> + 400t + 16a° + 40°)2%) + iw(—48 — 2000 + 3360
— 22507 — 38" + (16 + 400> — 672¢° + 2500 + 62'%)2

+ 8(—1 4+ a)*(4 + 160 4 400* + 550> + 40a* + 160° + 4a%)1%))/
((—40 + 100e® — 100a” + 40a')) A + 10(—=1 + &)* (4 + 16a + 400>

+ 55> + 400* + 160° + 40°) A% + iw (48 + 2000 — 3360° + 2250
+ 38!0 + (=96 + 1000 — 168c° 4 75" + 89202 + 12(—1 + )*

X (4 + 16 + 40a? + 550> + 40a* + 16a° + 4016)/12)))) . (5.21)

In the limit of ¢ — oo, which corresponds to a drop without a suspended particle, the
complex modulus is given as

(5.22)

42(5 + 22) + iw(19 — 31 — 164%) )

G/ . G// — 1 5
e w( T30 000 + 1) + 1w (38 + 89+ 48.0)

and this matches with the expressions derived in Ramachandran & Leal (2012).
Figure 14 shows the variation of the storage (G) and loss (G”) moduli with frequency

(w) for different size and viscosity ratios. The value of the storage modulus G’, which

varies as w?, is close to zero at low frequencies, but it increases with an increase in

frequency, eventually reaching a plateau at high frequencies. On the other hand, the
loss modulus G” varies as w at low and high frequencies. Figure 14 shows that viscous
modulus, represented as G” — w decreases with increase in frequency. It may be noticed
that, irrespective of the size or viscosity ratio, the viscous modulus (G”) dominates the
elastic modulus (G’) at low frequencies and vice versa at high frequencies. In other words,
at low frequencies, the viscous response dominates the elastic response and the dispersion
behaves like a viscoelastic fluid. At high frequencies, the elastic response dominates the
viscous response and thus the dispersion behaves like a viscoelastic solid. This difference
in behaviour arises because, at low frequencies, the confining interface relaxes fast enough

compared to the imposed time scale, i.e. 7. < w™!, leading to a fluid-like behaviour of
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Figure 14. The normalised components of the complex moduli G'/¢ (solid lines) and (G’ — w)/¢pw
(dash-dotted lines) vs the frequency w (see (5.21)). Effects of (a) the size ratio « (for A = 1) and (b) the
viscosity ratio A (for @ = 2).

the dilute dispersion. But at high frequencies, the interface does not relax fast enough to
follow up with changes in the imposed flow that the dispersion of compound particles
will show a history dependence. It can also be observed that, when « is sufficiently small,
the viscous modulus dominates the elastic modulus irrespective of frequency. Therefore, a
dilute suspension of spheres coated with a thin film always behaves like a viscoelastic fluid,
provided Ca « 1. This analysis is valid only if (i) the time scale of the imposed flow (1/w)
is much larger than the momentum diffusion time scale ( pa? /) and (ii) the characteristic
time scale of the droplet (#.) is much smaller than the characteristic time scale of the
imposed flow (w_l, G‘l). Mathematically, the above conditions are, pa2 YIRS w !,
t. < o ! and t. « G~'. The first inequality is maintained by the choice of Reynolds
number, while the second and third inequalities are maintained by carefully selecting the
values of @, and G~ 1.

6. Conclusions

In this work, we analysed the deformation dynamics of a single compound particle when
the encapsulated particle is concentrically located inside the confining drop. Assuming that
the interface deformations are small, namely Ca < 1 we solved the incompressible Stokes
equations analytically using a domain perturbation approach and obtained the flow field
correct up to O(Ca) and the deformed shape of the confining interface up to O(Ca?). Using
these results, we further characterised the rheology of a dilute dispersion of compound
particles in terms of effective viscosities, normal stress differences and complex modulus.

On subjecting a compound particle to various linear flows it has been found that the
presence of an encapsulated particle always enhances the deformation of the confining
drop compared to a simple drop which does not contain an encapsulated particle.
The enhanced deformation results from the hydrodynamic interaction between the
encapsulated particle and the confining interface since the disturbance flow field developed
inside the confining drop has to comply with the no-slip, no-penetration boundary
conditions on the surface of the encapsulated particle and less stringent interfacial
boundary conditions prescribing the continuity of velocity and stress on the confining
interface. Naturally, decreasing the size of the encapsulated particle or decreasing the
viscosity of the confining fluid will reduce the strength of the hydrodynamic interactions,
thus resulting in less deformation of the confining interface. The extent of deformation of
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the confining interface was characterised by defining a deformation parameter, which also
allowed us to calculate the critical capillary number Ca,,;; at which the confining interface
comes into contact with the encapsulated particle, resulting in a break up of the confining

drop. Our analysis shows that O(Ca®) corrections to the drop shape are important and
may qualitatively differ from the O(Ca) predictions for compound particles. For example,
O(Ca) correction to the confining drop shape shows that the biaxial flow is stronger in
deforming the confining interface compared to the uniaxial and shear flows at the same
Ca. However, O(Ca?) correction shows that this is not true, instead either uniaxial or shear
flows can be stronger depending upon the viscosity ratio of the confining fluid and the
viscosity of the suspending medium. Similarly, in generalised extensional flows, the O(Ca)
correction shows a monotonic increase in deformation as we move from uniaxial to biaxial
flows while the O(Ca?) correction shows a non-monotonic behaviour with deformation,

being least for a biaxial flow. Another feature that emerges from O(Ca?) calculation is
its ability to predict the reorientation dynamics of the anisotropically deformed interface.
The elongated direction of the deformed interface rotates closer to the flow direction in
an imposed simple shear flow. This reorientation can lead to a reduced deformation of
the interface and, therefore, in the case of generalised shear flows, it was observed that
deformation of the confining drop increases as we move from vorticity dominated flows
to extension dominated flows. In other words, the deformation of the confining drop of a
compound particle reduces either when the strength of vorticity increases or strength of
extension reduces in the imposed flow.

Using the solution obtained from the domain perturbation approach, we have analysed
the rheology of a dilute dispersion of compound particles. The different limits of the
analysis, namely that of a dispersion of (i) solid particles, (ii) drops and (iii) solid particles
coated with a thin fluid film have also been discussed in the context of each rheological
quantity. The effective viscosity of a dilute dispersion of compound particles is found to
vary between the effective viscosity of a dilute suspension of solid particles and fluid
drops. While the effective viscosity is found to be independent of the drop deformation at
O(Ca), it decreases with an increase in the size the confining drop or with a decrease in the
viscosity of the inner fluid. For the special case of miscible fluids, the effective viscosity
can be less than the suspending fluid viscosity in the limit of large viscosity ratio. Similar
to the shear viscosity, the Trouton viscosity and normal stress differences decrease with
increasing size of the confining drop or decreasing viscosity of the inner fluid (confining
drop fluid). However, unlike the shear viscosity, these rheological parameters depend upon
the extent of deformation of the confining interface and thus on Ca. It is interesting to note
that, for very large viscosity ratios, these rheological parameters asymptote to a constant
value that depends only on Ca and not on the size ratio of the encapsulated particle to the
confining interface.

The fact that the extensional viscosity is not equal to three times the shear viscosity
indicates the non-Newtonian nature of a dilute dispersion of the compound particles, which
was further characterised using a small-amplitude oscillatory shear flow. In the limit of
low frequencies, we found that the viscous modulus dominates the elastic modulus since
the confining interface relaxes to its quasi-steady state. However, at high frequencies, the
interface deformation time scale is much smaller than the flow time scale that the elastic
response dominates the viscous response. The viscous modulus is found to increase and the
elastic modulus is found to decrease with a decrease in the size ratio of the confining drop
to the particle. Similarly, we have shown that the viscous modulus increases and the elastic
modulus decreases with a decrease in the viscosity ratio of the outer fluid to the inner fluid.
The present study assumes that the surface tension force is much larger than the shear
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forces, that the capillary number is small and depends on a domain perturbation approach
to proceed with analytical calculations. Numerical simulations will have to be employed to
relax this assumption in order to go beyond the asymptotic limit of small capillary number
and to quantitatively determine the deformation behaviour as well as rheology. Similarly,
the consequences of eccentric configuration of the compound particle on the stability
of the confining drop as well as rheology of the dispersion including hydrodynamic
interactions between the compound particles also have to be the subject of future
investigations. On the other hand, this study also inspires investigations related to active
compound particles (the encapsulated particle is active, e.g. a microswimmer). Recently,
Chaithanya & Thampi (2020) investigated the O(Ca) deformation dynamics of an active
compound particle and discussed the interesting competition that arises from activity
and the imposed flows. However, higher-order calculations, eccentric configurations
and self-propulsion of active compound particles have to be the subject of future
investigations.

Supplementary material. Supplementary material are available at https://doi.org/10.1017/jfm.2021.233.
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Appendix A

This appendix provides a complete description of the velocity and pressure fields of both
inner and outer fluids at leading order (O(1)) when subjected to a linear flow. The pressure
and velocity fields for both outer and inner fluids at leading order, the same as (3.1)—(3.4)
but simplified after substituting for the expressions for spherical harmonics, are as follows
(Chaithanya & Thampi 2019):

p(O) — C_;(x -E-Xx), (AD)
r
6 15
u® — 1__03 E-x+R2 -x+ s +£ xX-(x-E-x), (A2)
o 2r r’
. 1264 e
P = (— >+ —é) (x-E-x), (A3)
5 r
~ 12ds A 15
80 = (dy— 657 =22 )Eox+ 2 x4 (2 + S0+ 22 ) ke (x-E-x).
P 5 273 r’
(A4)
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In (A1)—-(A4), the unknown constants c¢;, d; and e¢; fori = 1, 2, 3, are
c1 = ((—240 — 190a'® — 1125¢7 4 1680 — 1000a® 4+ (30'® + 12500 — 33600
+ 20000 4 80)1 + (160 — 1000’ + 1680c> — 1000a> + 160)4)
+ b1 ((—128a'% + 8000’ — 1344a> + 800c — 128)4>
+ (—=1522'% — 100a” + 9240
— 8000 + 128)1))/(38a'? + 22507 — 3360 + 200> + 48 + (89'® + 7547

— 168 + 100> — 96)1 + (48a'® — 3000 + 504a° — 300> + 48)4%),  (A5)
¢ =0, (A6)

c3 = ((48 + 38!0 + 22507 — 3360° + 2000 + (—6a'® — 42507 + 847> — 400a>

—16)1 + (=320 + 2000’ — 3360 + 200a® — 32)2%)

+ b1 (1601 — 100’ +1680° — 100a® + 16)4% + (24'° + 100’ — 308a°

+ 2000 — 16)12))/(6(48a:'% — 300a” + 5040 — 300a> + 48).4

+6(89a'? + 7507 — 168a° + 1000® — 96)A + 6(38a'”

+ 22507 — 336a° 4 200a° 4 48)), (A7)
dy = —126((—250a° (@® — 1)+250a° (@ — 1)A) — 10a°b; 20 — 5% + 84 (3’ + 50

—8)2)/5(3(38a'" + 22507 — 3360° + 200> + 48) + 3(89a'" + 7507 — 168c°

+ 100a® — 96)4 + 3(48a'* — 3000’ + 5040 — 3000 + 48).4%), (A8)
dr = (52 A(100 + 19a” — 84a® + (16a” 4 84a® — 100)2) — 4a>by A(40 + 160’

— 21 + (19a” + 210 — 40)1))/ (38!0 4 225" — 3360° + 200a

+ 48 + (8920 + 7507 — 168 + 1000> — 96)1 + (482! — 3000 + 504

— 3000 + 48)4%), (A9)
d3 = ((=2500° (@ — 1)A + 2500 (@ — 1)A%) — 10a°b1A20” — 507 + 8 + (3

+ 502 — 8)2))/(3(38a'% + 22507 — 3360 + 200> + 48) + 3(89x'” + 750"

— 168 + 100> — 96) + 3(48a'® — 300a” + 5040° — 3000 + 48)1%),
(A10)

e1 = (—400 — 4750 + (400 — 400a”) A + by (320’ — 168> + 128 + (380a” — 2520

— 128)))/ (38! + 22507 — 3360 + 200a> + 48 + (48a'” — 300’ + 5040’

— 3000 + 48)4% + (89 '” + 750 — 168> + 100> — 96)1 + 48), (A1l)
er =0, (A12)
e3 = (—(—=95a> — 80)1 — (80 — 80a>) A% + by (—(64a> — 400> + 16)A — (760

— 60> — 16)4%)) /(6(38a'* + 22507 — 3360 + 200a> + 48) + 6(89a'* + 7504

— 1680 + 1000 — 96) A + 6(48:' — 30007 + 5040 — 300a> + 48)2%).
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The O(1) velocity field also enabled the determination of the shape of the deformed
interface of the confining drop up to O(Ca). The deformed interface described in terms of
the shape parameter by = b (1 — exp(—t/t.)) (refer to (3.6)), where the time-independent
parameter by is

b} = (=32 + 2000 — 231e” + 25’ + 38" + (32 — 2000 + 3360 — 2000’
+32a'92) /(4(—4 + 10 — 10’ + 4a'0)+4(4— 2503 +420° — 2507 + 4a'0) ),
(Al4)

and the time scale, 7., that controls the rate of deformation is

fe = (48 + 200> — 3360° + 22507 + 380 + (=96 + 100> — 168a° + 750’
+ 89¢:'%) 1 + (48 — 3000 + 504c> — 3000 + 48¢'%) %) /(10(—4 + 10a
— 100’ + 4a'%A + 10(4 — 250> + 420° — 2507 + 4a'%) 2%). (A15)
When the confining interface has zero surface tension i.e. Ca — oo or by =0, the
expression for ¢; simplifies to
] = 5(=38a"" — 22507 + 3360° — 200a° — 48 + (62" + 2500” — 6720°
+ 4000 + 16)1 4+ (32! — 20007 + 3360° — 2000 + 32)4%)/(38a'°
+ 2250”7 — 3360 4 200> + 48 + (89a:'0 4 750" — 168c° + 100> — 96)1
+ (48a'% — 3000 4 5040 — 3000 + 48)42). (A16)

The corresponding unknown constants for a drop (without an encapsulated particle) can
be obtained by taking the limit @ — o0, and are given by

2145 0 1 (Al7a—c)
cl = — s cy =0, c3 = s a—c
a7 T 6146
21 31 54
di=—— dh=—7—F d=————, (A18a—c)
21+ 1) 20+ 2 12(1+1)
e1=0, e=0, e3=0. (A19a—c)
Further, the steady state value of the shape parameter b; for a simple drop is
164+ 19
i (A20)
81+ 1)

Appendix B

This appendix provides a complete description of the velocity and pressure fields of both
inner and outer fluids at O(Ca) when subjected to a linear flow. The solutions, the same as
(3.12)—(3.15) but simplified after substituting for the expressions for spherical harmonics,
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are as follows:

6 3 60 105
p(l): C_5+ €6 E:E— ﬁ_kﬁ x-(E-E)-x+ C6(x.E.x)2
r3 l" FS 7'7 7'9

—3ﬁx (2-E)-x, (B1)

3 3 30 6 6 120
u(l)_(CS L 3 06 a6 r623> x(E : E)+( ¢ _ 6w r623)(E E).x

23 r r
3cs  30cq¢ 15c16  420ca3
_(ﬁ+ r7 — r7 + r9 )x(x-(E-E)-x)
15 420 105 945
_(#Jr 9023)(x-E)(x-E-x)+(—%+£>X(x-E-x)2
r r 259 rl
3 3 3 15
+(25)V @B x— (2B E-2) x— (224 2D )\ xx-(2-B) -9,
rd rd 275 r!
(B2)
6e6 3
p = (d5r + 6der* + d + >+ ) E:E— (3d5 + 60der? + =2
"
60 105
7e6>x-(E-E)-x+<105d6—|— 6)6>(x-E-x)2
r
3eg
— 3d8+—5 x-(2-E)-x, (B3)
I
Adsr? Ad 120d23r*  des  3deg  3e
A0 _ (A5 T o dve — Adir? — 23 5 6 e
( 2 * 2 +dis s 7 253 7 7
30 6les 6
n eB)x(E E) + (d13 — 614 — 6digr” + 120da3r* + 20 — 206
"
120e 30d 360dy32>  3des  30.e
BV EE) x4 (-2 4 15dyg + o - 2D 56
v 2 255 r7
15 420 151
pre 2 23)x(x- (E-E)-x) + (15d14 — 420dy3? — =
r r r
42053

1052 945
5 )(x-E)(x-E-x)—I— (120d23+ ‘6 + 623>x(x-E-x)2
r 279 rll

3es 3e
+ (dlg + 3d251” + —) (22-E)-x+ (dlg — 3d25r — r—25> (E-2)-x
3d. 31 15
(228 15+ 228 L 2B ) y(x (2 - E) - ). (B4)
2 P r

The unknown constants are obtained on the application of boundary conditions as
follows:
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(i) The no-slip boundary condition (see (3.9)) on the surface of the particle gives the
following set of equations:

2dy  desar® 5
~31a? 3 4+ 15epa” =0, (B5a)
5/1d4
Ads  Ad7 3d16 120d23 ~ Aesar® 5 3
2w Ty T T Tty e e
—3616a5 + 306230[7 =0, (B5c¢)
6d 6d 120d
diz — ;4 — ;6 + 423 + 6dega® — berga® + 120ex3a’ =0, (B5d)
o o o
30ds  15dis  360da;  3desa’
ST DAl | TS 2TOY 300e60’ + 15e160® — 420ex30” = 0,
202 o? Tt
(B5e)
15d 420d
o — TP 15060 — 420ep30” = 0, (B5/)
o o
1204 1052ega”
T 20 4 odSensa” =0, (BSg)
o
dy7 + epa® =0, (BSh)
6d 3d
dig — ﬂ + i + 6180( — 662()06 + 3625“ =0, (B5i)
O( Ol
3d>s .
dig — a— + epga’® — 3exsa’ =0, (B5)
3Adg  15d»s 3/1680( 5
_ 52 _ 2 — > — 15ep5a” = 0, (B5k)
15d
20 + 1562()0l =0, (B5))

Ad 6d Aegar’
doyy + =2 4 2; — 0% 4 ena® —3ena® =0, (B5m)
2 Sa 2

6d.
oy + a—i“ 1 6era’ =0, (B5n)

122ds  3dega’
Sa? 2

— 15ep40 = 0. (B50)

(i) The boundary condition concerning the normal velocity at the confining interface
(see (3.10)) is

R )

@1 car) - 1 + @l car0)
= (@l,—11.cqr0)V - 1O + @l =14 cqr0)) @ - 1D, (B6)
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which reduces to the following set of equations:

Ad A
%4 +9cip —di — 74 - % —9e1p =0, (B7a)
cs Ads  Ady
> + 3c6 + c15 — 3c16 + 30c23 — 5 "5~ dis + 3dis
120d: A
- 5 % — 3eg — e15 + 3e1s — 3023 = 0, (B7b)
3 3Ad 1200d 31
—% — 24¢6 + 9c16 — 300¢23 — di3 + 6dig4 — Ydi6 + 5 > 7 = + 265
+24e¢ — 9e16 + 300e23 + b1(—2 + 12¢3 + 2dr — 12d3 — 12¢3) =0, (B7c¢)
75 752
% + 525¢23 — 15d14 + 300d>3 — ¢ _ 525e33 + by (3 —c1 —48c3 — 3dy
114d5
+ + dey +48e3 ) =0, (B7d)
3 3Ad 3¢
—% — 6¢30 — 9¢25 + Tg —dig + dy9 + 6dry + 9d25+78 + 6e20+9e25 = 0,
(B7e)
c Ad 6d Ae
—2 b em—3eu—dp -0 R LT 4 3ey =0, (B7f)
2 2 5 2
3¢ 18d 3e
—79 — 9co4 — dpy — 524 + 2 + 9er4 = 0. (B7g)

(iii)) The boundary condition concerning the tangential component of velocity at the
confining interface (see (3.10)) is

1 0 (1 1 (0
(ul,—(1+cqr0)” = nO(u - ), (14Caf®) ~ nD(u - ), (14Caf®)
~ 1 0)/~ (1) Dn )
- (u|r:(1+Caf(0)))( R n)r=(1+Caf(0)) —n' n)r=(1+Caf(0))’ (B8)
which reduces to the following set of equations:
5d,
6c12 + diy + 7“ —6ep, =0, (B9a)
6¢ce — 616 + 120c23 — di3 + 6d14 + 6d16 — 120dr3 — 6deg + 6¢16 — 120e23 = 0,
(B9b)
6c6 — 6c16 + 120c23 — d13 + 6d14 + 6d1s — 120d23 — 64deg + b6e16
—120e23 — 2b1(1 — 6¢3 — dp + 6d3 + 6e3) = 0, (B9c¢)
—15¢c6 — 420c23 — 15d14 + 420d23 + 154e6 + 420e23

126d3

+b (3 +c1+42¢3 — 3dr + — Ade; — 4263) =0, (B9d)

917 A2-36


https://doi.org/10.1017/jfm.2021.233

https://doi.org/10.1017/jfm.2021.233 Published online by Cambridge University Press

Dilute dispersion of compound particles

15¢¢ 4+ 420c¢23 + 15d14 — 420dr3 — 151eg — 420e23

+b1 <—5 —c1 —30¢3 + 5d> — @ + dey + 3063) =0, (B9e)

ci7 —dip —er7 =0, (B9f)

c1g — 6c20 + 3cz5 — dig + 6dap — 3das — e13 + 6ex0 — 3exs =0, (B9g)
c19 — 3¢5 — d19 + 3das — e19 + 3exs = 0, (B9h)

6c20 — 6025 + dig — di9g — 6do + 6das — bex + 6e25 = 0, (B9i)
15¢20 — 15d>g — 15e209 = 0, (B9))

6Cc24 — dp) — 6drg — 6ep4 = 0. (B%%)

(iv) At O(Ca), the tangential stress balance (see (3.110)) is obtained as,

0)

1 ( ¢
nVo - nn)r:(1+Caf(0)) -

r=(1+Caf®)

A 1) 1), (0) 0) A ey
= 1/D@ - 1), _ | cqp0 -nV - "”)r:(1+Caf<0>)_"( '@ - ), (14 Cap )

(€]

_ g .
r=(1+Caf ©) n (o - nn)

(0 -n)

(B10)
which reduces to the following set of equations:
16Ad
Alea +48ep) — 2duy — — 2 ey —48epp =0, (Blla)
A(=3c5 — T8ce + 48c16 — 1440c23 + b1 (24c3 — 4)) + 34ds — 2d3
5760d:
+24ds — 6dig — — B 4 3des + T8eq — 4816 + 1440e53
+b1(4dy — 24d3 — 24e3) = 0, (B11b)
A(—=3c5 — 78ce + 48c16 — 1440¢3 + b1(—2c1 — 72¢3 — 8)) + 34d;
5760d>3
—2d13 + 24d14 — 6d16 — + 3es + 78eq — 48e16 + 1440e73
312d3
+b; | 8dr — + 24e; + 72e3 | =0, (Bllc)

A(225¢6 + 5040c23 + b1 (8 — 9c1 — 468¢3)) — 90d14 + 2880d23 — 2251e6
576d3

—5040e23 + by <—8d2 + +9e; + 46863) =0, (B11d)

A(—225¢c6 — 5040c23 — b1 (12 — Tcy — 372¢3)) + 90d14 — 2880dr3 + 2251¢¢
768d;

+5040e23 — by (—12412 + + 7ey + 37263) =0, (Blle)

A(=3c17) + 3e17 = 0, (B11f)
3eg

3 32d
A (—% — 3c18 + 24c¢p0 — 24C25> + Tg — dig + di9 + 18dao + 3das +

+3e1g — 24epg + 24e25 = 0, (Bllg)
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3¢ 32d.
A (—6620 + 3ci1g — 24cp5 — —8) + S dig + d9 + 6drg + 3drs + 6erg

2 2
—3e1g + 24er5 + 31% =0, (B11h)
A(Bcg — 18c20 + 48c25) — 3Ads + 2d1g — 2d19 — 24drg — 6dos
—3eg + 18er9 — 48ep5 = 0, (B11i)
A(=T5¢20) — 30da9 + 75e20 = 0, (B11))

96d>4

AQBcg + 48cpq) + 2dr1 + — 31eg — 48e24 = 0. (Bl11k)

(v) Finally, at O(Ca), the boundary condition describing the balance of normal stress
(see (3.11a)) at the confining interface is

NG 0 N0 O NG 0
R a CAL O N et VDA C AR O MO N
+@-m?” n)y = (v.n®, (B12)

r=(14Caf©®)
which reduces to the following set of equations:

Ad
A(=3cq4 — T2c12) — 2d11 + 74 + 3eq + T2e1p = 4boA, (B13a)

A(—=3¢c5 — 30cq — 4cis + 24c¢16 — 360¢p3) — 24ds + 6Adg — 2d15 + 18d6
1200d>3

+ 3des + 304eg + 4e1s — 24e16 + 360e23 = —A(2b3 4 2bs),
(B13b)

A(9cs +252¢6 — T2¢16 + 3600c23 + b1 (=8 — 4cy — 192¢3)) — 2d13 + 64ds

120004
—604dg + 36d14 — 54d 16 — TB — 92es5 — 2522¢e¢ + T2e16 — 3600e23

384ds
+by | —8dy + T + 4eq + 192e3 | = A(4by — 8bs), (B13c¢)

A(—405¢6 — 6300c23 + b1 (8 4+ 13c1 + 552¢3)) — 90d14 + 1054de

348d
+3000d>3 + 4051¢e6 + 6300e23 + by <—8d2 + 3 _ 131e; — 55263)

= A(—10b% + 18bs), (B13d)

A(9cg + 48crg + 72¢p5) + 64dg — 2d1g + 2d19 + 36drg + 54drs — 9des
—48er0 — 72er5 = A(4bg), (B13e)

36d>4

AQBcg — 4cpo + 24c¢04) — Adg — 2dr — — 3deg + dexy — 24epy

= —A(2b7 + 2bg), (B13f)
108d>4

A9¢cq + T2¢24) — 3Ady — 2do1 — — 9deg — T2ep4 = A(4bg). (B13g)

A unique solution is obtained for the system of linear algebraic equations (B5a)-(B13g)
using Mathematica 11.3, and the corresponding script file is available as a supplementary
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material are available at https://doi.org/10.1017/jfm.2021.233. However, due to the
complexity of the obtained expressions, which are in terms of the size ratio o and the
viscosity ratio 4, we have not included them here.

The expressions which are used in the rheological properties are

cs = 2((1 + )2 + 4o + 8a? + 7o + 8a* + 40 + 20°)% (=32 — 64a — 96>
+ 7203 42400 + 1770 + 1142 + 760" + 38a®) + (6912 + 552960 + 248832
+ 7478400 + 16281600 + 2594412¢° 4 28306560° + 1296572 — 2518820a®
— 77488800 — 120580080 !0 — 127649940 !! — 8985708c'? — 27587550 "
+ 2677280 ' + 53921320 + 545733600 + 40383727 + 23253600 '8
+ 10334400 4 339552020 4 754560%! 4 94320°%) A + ((—1 + @)* (4 + 16a
+ 400> 4 550 + 400* + 160> + 40°)(—1056 — 63360 — 221760.> — 51936
— 898560 — 1165080 — 1092480° — 59768a” + 183270 + 819420° + 953640 '°
+ 671340 + 3074402 + 878403 + 14640 ') 2% + (8(—1 + a)* (4 + 16a + 400/
+ 550 + 400t + 160° + 4¢)*) 1% /358(=1 + ) (1 + @)* (2 + 4o + 82> + 7
+ 8a* + 40” +20%)% + (12(=1 + 0)*(1 + @)> (2 + 4o + 8a® + 7o + 8o + 4a”
+20%)%(4 + 160 4 4002 + 550 + 40a* + 16¢° + 4a®)) A + (6(—1 + @)* (1 4+ @)
244a + 8a® + 7o + 8a* + 4o + 2(16)(4 + 16a + 40a” + 5503 + 40a* + 160

+ 42922 + (=1 + 0)* (@ + 16a + 40a® + 550> + 40a* + 160° + 4a%))2%),
(B14)

cg = (=32 — 64a — 960> + 720> + 240a* + 177a° + 1140® + 7607 + 38a®)?
+ (16(—14a)?(44+16a + 400> +55a> + 40a* + 16¢° + 40%) (=32 — 64a — 960>
+ 7207 + 2400 + 1770° 4 114a® + 7607 + 38a®)) A + (64(—1 + 0)* (4 + 16c
+ 400> +550° +400* +160° + 422213 /15((4(—1 + 0)*(1 + a)*(2 + 4o + 8a?
+ 73 + 8ot +40° +2a%)?) + (4(—14+a)’ (1 + o) Q+4a+8a’+ 70 + 8o’ + 4a”
+20%) (4 4 16a + 40a® 4 550> + 40a* + 160° + 4a%)A + (=1 + a)* (4 + 16«
+ 400 4 550 4 400t + 160° + 4a%)%)1%). (B15)

The unknown constants for a drop can be obtained by taking the limit « — o0, and are
as follows:

im0, ol S AT TN+ 4TS 35247 + 11381+ 855 B16)
T BT 140(2 + 1)3 P 10801+ 12
(161 4 19)? 35242 + 11381 + 855
= = 0, = O, = 9 B17
ST eoa+n2 @ o o 1080(1 + 1)2 (B1D
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—15682° + 4584% + 49151 + 2565

=0, = , =0, B18
cis ci6 756001+ 1)3 €17 (B13)
cg=0, c9=0, c20=0, c2n=0, (B19)
641% 4+ 7961 + 855 322% + 861 + 57
— , =0, - — , B20
€23 151201 + 1) €24 €25 1201 + 1)2 (B20)
1642 + 831 + 76 11(162 + 19
dy =0, d5= 08T, 1A+ (B21)
101 + 1)3 432(1 + 1)2
324% — 5540 — 703 7(481% 4 891 + 38
dy = ) gy = AL B o B2
60(1 + 1)2 402(1 + 1)?
91(164% 4+ 31 — 19)
dio=0, diy=0, dp=0, djz=— , B23
10 1 12 13 14001+ 13 (B23)
22(161 + 19) A(—22423 + 394212 + 88531 + 4579)
u=-————C dis= ) . (B24)
27(1+1) 840(4 + 1)
A(40022 + 13072 + 988) 30422 + 6171 + 304
756(1 + 1) 80(1+ 1)
30422 + 6174 + 304
dig = . do=0, dy=0, dn=0, B26
19 S0 1 102 20 b1 o) (B26)
7A(161 + 19) 481% 4 891 + 38
dy=——"" duy=0, dos= . B27
BT o+ A 2 43(1+ 1)2 (B27)
es =0, e5=0, e=0, eg=0, e9=0, ep=0, (B28)
eu=0, e5=0, e=0, e7=0 e3=0 ep=0, (B29)
e0=0, en=0, e3=0 ey=0es5=0. (B30)
Appendix C

The O(Ca) velocity and pressure field enabled the determination of deformed interface
of the confining drop up to O(Ca?). The steady state shape parameters b¥ for i =
1,2, 3, ..., 8 describing the deformed interface shape obtained as a solution of (3.6) and
(3.25) are as follows:

b = (38a® + 760" + 114a® +1770° +-2400* + 720 — 960 — 64a — 32+ (320 + 64a’
+960° — 7207 — 2400 — 720 + 960% + 64a + 32) 1)/ (16a® + 32¢7 + 480°
+ 240° =240 — 48a% — 320 — 16+ (16a®+32a7 + 48 — 36a° — 1200* —360°

+ 480% 4+ 32a + 16)), (Cla)
b} =0, (C1b)
b =0, (Clo)
bi =0, (Cld)
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b} = (—64(424962* 4 2343202° 4 4533694° + 3727904 + 111245)®® — 576(424962*
+2343204% + 45336947 + 3727901 + 111245)a>® — 2880(42496.1* + 23432043
+ 4533694 + 3727904 + 111245)0>” — 240(16573444* 4 9405152.0° + 186638274°
+ 156973031 4 4781284)a*® — 720(12323844* + 7595296.4° + 160950091°

+ 142863891 + 4554292)a> — 48(268999681% + 2052800324% + 496499983 1
+ 4827453831 + 164625464)a>* — 12(702458881* + 10859043524 + 33553895231°
+ 37208412384 4 1381097804)a*® + 12(936186884% — 940803488.1° — 471014233147
— 62429606861 — 2567047508)c>? + 12(3479147524% — 962417924% — 5315592739
— 91463699241 — 4273714472)a" + 2(34978670084* + 1036761879213
— 238587129391% — 691888833201 — 38428447816)c*’ + 6(15441984004*
+ 9611837144.% 4 1574087091.1% — 238015998681 — 17269492872)>®
+ 12(9298656001* + 87534732922% 4 985561935542 — 84062191041
— 10380658478)ar*® 4 12(5588755204% + 112200697081% + 220805301474
+ 4322734322 — 10846060982)a>” — 6(30488117764* — 1557456051243
— 666059510734% — 292588709321 + 18371978616)a*® — 6(10726479104.2*
+ 91658197121 — 737921139854% — 635831248521 + 9677259696) >
— 84(10493856004* + 321519566413 — 37714191950% — 67213375441
— 298106350)a>* — 3(8342549120* + 1428612038321 — 689646757.4°
— 2179024876061 — 42596875264)a>> + 3(386714131204* — 1307172053681
— 1393179519552 + 1988537018941 4 77236736384)a>> + (2003069676801*
— 9632075235243 — 7767376881274% + 388538355230 4 317125553944) 0!
+ 3(340251129604* + 1182544872641% — 299701705197.4% + 258928353221
+ 122748248776)a*® — 24(42531391204% — 2753101473123 + 282476839341
+ 106889292901 — 15658737613)a'® — 8(250383709601* — 6854729455313
+ 201824633461 + 657269176821 — 42400457435)a'® — 24(4833926640.1*
— 41922233842 — 1654971881447 + 270614624351 — 11153446877)a'”
+ 12(20856372804* — 250029752964° + 57199582391.1% — 491688714391
+ 14886627064)c'® + 12(73456992004* — 32668209984.4° + 503135304474
— 327042825671 4+ 7713262904)a ' + 12(53632395524* — 20189130208.4°
+ 262643727974% — 135963910531 + 2157908912)a'* + 12(15244058881*
— 49910922884 + 416452252147 + 5263773951 — 1224213516)a 3
— 96(1 — 1)2(698594404% — 2520351811 + 335555261)a'? — 96(1 — 1)?
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(1162332004 — 3919155531 + 357046748)a'! — 192(1 — 1)?(482562004°

— 1800378561 + 146283171 ' — 128(1 — 1)%(546541724% — 1956402711

+ 145862299)a” — 384(1 — 1)2(10872336.% — 354535851 + 24761849)a®

— 6144(1 — 1)3(1828491 — 473626)a” + 6144(1 — 1)3 (1371991 — 65305)a®
+3072(1 — 1)3(4203121 — 393305)c” + 184320(1 — 1) (48141 — 4745)a*

+ 61440(1 — 1)% (64741 — 6451)a> + 122388480(1 — 1)*a® + 24477696(1 — 1)*«
+ 27197441 — D)4 /(7560(4a P (A + 1) + 120 (A + 1) + 242 (1 + 1)

+ 4002+ 1) 4+ 60a (1 + 1) + 8401+ 1) + 112¢° (1 + 1) + 63 (1 + 2)
—63a’(1—2) — 1126°(1 — 1) — 840> (1 — 1) — 60a* (1 — 1) — 4023 (1 — 1)

— 240’1 —1) — 2a(A—1) — 41+ 4)(4a® A+ 1) + 8’ (1 + 1) + 12¢°(1 + 1)
+ a6 —91) — 300’1 — 30331+ 2) + 120%(A — 1) + 8a(1 — 1) + 4(1 — 1))?), (Cle)

b} = (64(56324% + 1729763 + 4975952% + 4958744 + 165623)a>® + 576(56322*

+ 17297623 + 4975952° + 4958741 + 165623)®® + 2880(563214* + 17297613

+ 4975951% 4 4958741 4 165623)a>” + 3840(137284* + 4383594 + 12898551>

+ 13109412 + 445717)a% + 5760(204164* + 7274180° + 22655854 + 24110324

+ 852449)0>> 4 96(17825281% + 83603144.1° + 2894308554% + 3316498061

+ 124039567)0* + 24(46548481* + 49820230413 + 20614709304 + 26176277714
+ 1049642422)0> — 24(62036481* — 537419200% — 3076478428.1% — 45023836611
— 1968848734)a>% — 24(230545924% — 2089431204% — 36424901274% — 67084065041
— 3294389716)a' — 4(2317863681% + 52535750561% — 157234280461°

— 502229660231 — 29390861480)a>” — 12(1023264001* + 60056973764
+30007363624> — 157685441474 — 12756648516)a>° — 12(1232352004*

+ 1123219421623 + 188973454071% — 66062286171 — 14055906056)c >

— 12(740678404* + 132203658964 + 38692505507.4% + 128253126631

— 11908017656)a>” + 6(4040593921* — 118508734401° — 1040601180271>

— 796310124941 + 9589050444)0:>® + 6(142158156814% + 248740461764

— 94108977451.4% — 1321370067981 — 14892109620)c>> + 84(1390752001*

+ 46797173522° — 2861407541.4% — 114921342691 — 3240689992)cr>*

+ 3(11056390401* + 1549439156564 + 781016134371 — 2995343416421

— 147708963616)a>® — 3(51251270401* — 86830205416.1° — 220888876117.4>

+ 2032409849221 + 185541623696)a>> — (26546706560* + 1166245513123

— 914317166391.4% + 2380686059061 4+ 596370449488)a>! — 3(45093523201*

917 A2-42


https://doi.org/10.1017/jfm.2021.233

https://doi.org/10.1017/jfm.2021.233 Published online by Cambridge University Press

b: =

Dilute dispersion of compound particles

+ 146137570864.1% — 3181698265174 — 230011869381 + 192868280896)c "

+ 12(11273380801* — 436750586064 + 624166546634 + 24437539647

— 44306473784)a " + 4(66366766401* — 871552480581 + 7230837372912

+ 1268000785811 — 118589880892)cr'® + 12(12812817604* — 396192625613

— 22074945957.4% + 587454219171 — 33989831464)a '’ — 12(2764097604*

— 155998537044 + 53112136847.1% — 648788872471 + 27090194344)¢. '

— 12(9735264004% — 213301572244% + 57007769687.4% — 556297939271

+ 18978655064)ar > — 12(7107907844* — 162892539524° + 409738815374>

— 363374287291 + 10942010360)a ™ — 12(2020296961* — 80396330561

+ 1984132393747 — 164178968651 + 4414176288)cc > + 96(1 — 1)%(9258480.4>

+ 2173088431 — 6504508)a !> + 96(1 — 1)%(154044004% — 2062536171

+ 283193567)a ! 4 96(1 — 1)%(127908004% — 3590079524 + 373731177)a'°

+ 128(1 — 1)%(72433244% — 2511207891 + 247988215)a” + 384(1 — 1)%(14409121°
— 574865031 + 56197841 )a® + 6144(1 — 1)3(242331 — 1860499)cr”

—3072(1 — 1)*(363661 + 1490029)a® — 12288(1 — 1)* (139261 + 103519)c°

— 184320(1 — 1)3(6381 + 997)a* — 61440(1 — 1)3(8584 — 313)a’

— 16220160(1 — 1)*a? — 3244032(1 — 1)* — 360448(1 — 1)*)/(7560(4a'> (1 + 1)
+ 120 A+ 1) + 2423+ 1) + 40?1 + 1) 4+ 600 (1 + 1) + 84201 + 1)
+1120° (A + 1) + 6303 (1 +2) — 630" (1 — 2) — 1122°(1 — 1) — 84> (1 — 1)

— 600t (1 —1) — 400> (1 — 1) = 24?1 — 1) — Ra(A — 1) — 41+ 4 (4P (1 + 1)
+ 82’ (A4 1) + 122°(A 4+ 1) + & (6 — 92) — 300*1 — 30> (31 +2) + 120%(1 — 1)

+8a(1— 1) +4(1— 1)), (C1f)

(16a®%(10496.2° + 3497647 + 387491 + 14269) + 96a>! (1049613 + 3497612

+ 387491 + 14269) + 33600 (104960 + 3497647 + 387491 + 14269)

+ 120%°(6087681° + 2170608.4% + 25575671 + 996552) + 24> (35686413

+ 161518412 + 22478411 + 991996) + 84> (2099243 + 4474724 + 9015831

+ 477218) + 6020 (—20414722° + 32538484° + 148386471 + 9667362)

+ a?®(—235740160° — 56212161% 4 879270521 + 72889040) — 120>*(2721088.4°

+ 348838847 — 57867314 — 7135500) — 28a:>3 (22566404 + 43388324 — 135844321
— 3818374) — 48:*2(20952641% + 51939261% + 5076181 — 2934783)

— 1201 (28129284% + 294237764% + 157655774 — 14225356) + 12¢°°(19055488.1>
— 281028004% — 407072771 + 13868214) + 3% (1691246722° — 349191204°
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— 2604184231 + 29358246) + 20'8(164317504.0% + 2436156001% — 4128257251

— 51367954) — 3'7(1323256961% — 4152230884 + 1659366131 + 123211954)

— 560'0(15144416.0% — 224161764% — 27156714 + 9987431) — 192> (20675894

— 30415242 — 46223031 + 2858866) + 16a'4(20539688.1% — 7328154447 + 764226791
— 23680823) + 48013 (105702924% — 25338188.4% + 181386251 — 3370729)

+ 12'2(190554884% — 3700655242 + 167670151 + 1184049) — 24a ' (140646413

— 71626564 + 99846451 — 4228453) — 12c'°(8381056.4° — 257443844% + 263051751
— 8941847) — 896a” (1 — 1)%(705201 — 87377) — 384 (1 — 1)*(850344 — 139235)

— 51207 (1 — 1)%(460431 — 70165) — 768a:°(1 — 1)%(15949.1 — 21409)

+ 1075207 (A — 1)%(1641 — 99) + 8564736a*(1 — 1) + 730521603 (1 — 1)3

+ 35266562 (1 — 1)> + 1007616 (1 — 1) + 167936(1 — 1)%)/

(432(c — 1> (da’ (A + 1) + 120°(A + 1) + 240> (A + 1) + 15a* (A +2) — 1503 (1 — 2)
— 2401 —1) — Ra(A—1) =41+ 4> (4o A+ 1) + 120 A+ 1) + 2423 A+ 1)
+ 4002+ 1) + 60 (A + 1) + 84201 + 1) + 112¢° (1 + 1) + 63® (1 +2)
—63a’(1—2) — 112e°(1 = 1) — 84> (1 — 1) — 60a* (1 — 1) — 402> (1 — 1)

— 240’1 —1) — 2a(1 — 1) — 41+ 4)), (Clg)

b = a8 BA+2)(164+19)* 4 47 (34 +2)(164 4 19)? + 661 (32 + 2) (164 + 19)*
—3a13(43522% + 23044% — 76890 — 5092) — 60a'*(5122% + 464> — 5391 — 437)
— 6a'3(26884% + 269647 — 27811 — 2603) + 312 (194881 — 90044% — 140314
+ 3547) + 8a'1 (1423243 — 67814% — 100591 + 2608) — 8a:'*(40442% — 740247
— 3031 + 3661) — 1200” (14882% — 14394% — 7111 + 662) — 12¢%(2696.4°
—9032% — 19071 + 114) + 96a” (1 — 1) (11861 + 799) + 965 (1 — 1)2(6091 + 431)
— 4805 (1 — 1)%(3364 — 1) — 1280a* (1 — 1)>(244 + 1) — 128 (2 — 1)%(1024 + 23)
+4608a%(1 — 1)° + 3072a(1 — 1)® + 1536(1 — 1)) /20(e — D* A4’ (1 + 1)
+ 1208+ 1) + 240> (A 4+ 1) + 15a* (A + 2) — 1563 (1 — 2) — 24> (1 — 1)
— 1201 — 1) — 41+ 4)?). (C1h)

The corresponding steady state shape parameters for a drop without the encapsulated
particle can be obtained by taking the limit « — oo, and are as follows:

164+ 19
re ot 2 (€2)
8(1+1)
5=0, b5=0, bi=0, (C3)
4249623 + 19182442 + 2615451 + 111245
b= — * - S (C4)

30240(1 + 1)3
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56324% + 1673442 4- 3302511 + 165623

* = , C5
4 30240(1 + 1)3 €5
. 1049622 + 24480 + 14269
5 = 5 ; (C6)
1728(1 + 1)
(3A+ 2)(161 + 19)2
= C7
6 160A(A + 1)2 €D
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