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The motion of a freely rotating prolate spheroid in a simple shear flow of a dilute polymeric
solution is examined in the limit of large particle aspect ratio, «. A regular perturbation
expansion in the polymer concentration, ¢, a generalized reciprocal theorem, and slender
body theory to represent the velocity field of a Newtonian fluid around the spheroid are
used to obtain the O(c) correction to the particle’s orientational dynamics. The resulting
dynamical system predicts a range of orientational behaviours qualitatively dependent
upon ¢ De (De is the imposed shear rate times the polymer relaxation time) and « and
quantitatively on c¢. At a small but finite ¢ De, the particle spirals towards a limit cycle
near the vorticity axis for all initial conditions. Upon increasing «, the limit cycle becomes
smaller. Thus, ultimately the particle undergoes a periodic motion around and at a small
angle from the vorticity axis. At moderate ¢ De, a particle starting near the flow—gradient
plane departs it monotonically instead of spirally, as this plane (a limit cycle at smaller
¢ De) obtains a saddle and an unstable node. The former is close to the flow direction. Upon
further increasing ¢ De, the saddle node changes to a stable node. Therefore, depending
upon the initial condition, a particle may either approach a periodic orbit near the vorticity
axis or obtain a stable orientation near the flow direction. Upon further increasing c De, the
limit cycle near the vorticity axis vanishes, and the particle aligns with the flow direction
for all starting orientations.
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1. Introduction

A particle-filled viscoelastic polymeric fluid undergoes simple shear flow in many
industrial applications such as fibre spinning (Nakajima, Kajiwara & Mclntyre 1994;
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Figure 1. Jeffery orbits or orientation trajectories in a simple shear flow of Newtonian fluid of a prolate
spheroidal particle with aspect ratio, k = (a) 10, and (b) 50.

Breitenbach 2002; Huang et al. 2003; Chae & Kumar 2008) and roll-to-roll manufacturing
of high aspect ratio, low resistance films for flexible and transparent electronics (Yin
et al. 2010; Mutiso et al. 2013). Simple shear flow occurs in the spinneret during fibre
spinning and in the patterning channel during roll-to-roll manufacturing. The suspending
viscoelastic fluid may include large aspect ratio particles to impart strength to the final
product in fibre spinning or provide a desired anisotropy to the low resistance film. In
the simple shear flow of an inertialess Newtonian fluid, a fibre/slender particle undergoes
an initial condition-dependent periodic motion in orientational trajectories termed Jeffery
orbits (Jeffery 1922) as shown in figure 1 for particles with aspect ratio, k = 10 and
50. However, the interaction between the polymers in a viscoelastic fluid and the fibre
breaks this degenerate periodic behaviour. Previous experiments (Gauthier, Goldsmith &
Mason 1971; Bartram, Goldsmith & Mason 1975; Johnson, Salem & Fuller 1990; Stover
& Cohen 1990; Iso, Koch & Cohen 1996b; Gunes et al. 2008) indicate that depending
on the x, imposed shear rate and the properties of the viscoelastic fluid such as polymer
concentration and relaxation time, a particle may exhibit various orientation dynamics. A
slender particle, i.e. one with a large x, may either spiral or monotonically drift towards the
vorticity axis, align near the flow direction or settle somewhere within the flow—vorticity
plane. Therefore, careful design and choice of flow parameters during the simple shear
regime are essential for obtaining a final product with desired particle orientation and
material strength. Theoretical studies are useful due to the many parameters required for
characterizing a viscoelastic fluid. Polymers lead to new features in a viscoelastic fluid flow
such as shear thinning or a finite first and second normal stress difference as compared with
a Newtonian fluid flow. Leal (1975) predicts that a slender particle in a slow flow will spiral
towards the vorticity axis due to the second normal stress difference in the fluid. Whereas,
operating in a double limit of small polymer concentration and large Deborah number,
De, (the product of the imposed shear rate and the polymer relaxation time) Harlen &
Koch (1993) also predict the spiralling of the particle towards the vorticity axis, but due
to first normal stress difference in the fluid. Neither of these theories captures any other
orientation behaviour observed experimentally. In this paper, using a regular perturbation
expansion in polymer concentration, ¢, we develop a slender body theory that spans a range
of De. It encapsulates the O(c) effect of particle—polymer interaction and qualitatively
describes the rich orientation dynamics seen in previous experiments.

Simple shear flow is ubiquitous in industrial applications as the near wall flow can
always be considered locally simple shear. Many scenarios include laminar flow between
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two parallel walls; in these cases, the local flow is simple shear everywhere. In many
industrial scenarios, particle concentration in the suspension is dilute, and due to negligible
particle—particle interaction, each particle can be considered to be suspended in an
unbounded fluid. In their experiments with highly elastic fluids, Iso, Cohen & Koch
(1996a) observed an isolated fibre to obtain a stable orientation close to the direction of
the imposed flow. They found that fibres in a moderate particle concentration suspension
also obtained a highly peaked orientation distribution near the flow direction for the same
parameters. Therefore, the particle—particle interaction may sometimes be ignored even
with higher particle concentrations, making the studies of an isolated particle/fibre freely
rotating in a simple shear flow of a viscoelastic fluid invaluable.

Based on their qualitative nature, the Jeffery orbits, illustrated for particles with aspect
ratio, k = 10 and 50 in figure 1, may be classified into log-rolling, wobbling, flipping
and tumbling. Log-rolling occurs when the particle is aligned with the axis of rotation
of the imposed flow or the vorticity axis. Here the particle rotates about its major axis.
Except in the log-rolling motion, the particle’s angular velocity changes throughout its
orbit. When initially placed in the flow—gradient plane (FGP), the particle remains in the
plane. It rotates about its minor axis while tumbling from one side of the flow axis to the
other. In the tumbling and flipping orbits, a large aspect ratio particle or fibre spends only
an O(1/k) proportion (non-dimensionalized with shear rate) of the Jefferey time-period
of 27k away from the flow—vorticity plane indicated by dashed red lines in the plots of
figure 1. In the flipping orbits (which are three-dimensional extensions of the tumbling
orbit when the particle is not confined to the FGP), the particle comes within O(1/x) of
the flow direction. In these orbits, the particle’s orientation rapidly flips from being aligned
with the positive to the negative flow axis. During its rapid flipping phase, a particle in a
flipping orbit spans a large portion of the orientation space in the gradient direction. In
wobbling orbits, which are smaller in circumference than flipping orbits, the particle does
not come very close to the flow direction. In these orbits, the particle gradually wobbles in
its orbit around the vorticity axis.

Gauthier et al. (1971) conducted experiments with « = 16.1 nylon rods in a viscoelastic
fluid made with 0.03 wt. % polyacrylamide solution in water. They conducted experiments
at a shear rate of 0.53 s~! and found that a particle starting close to the FGP spirals towards
the vorticity axis as it is exposed to the Couette flow. Using a similar viscoelastic fluid
and a polyethylene rod of x = 9.0 Bartram et al. (1975) also found a similar behaviour

with shear rates up to 5 s~'. Upon further increase in shear rate, they found that a x =
9.0 rod released near the gradient direction initially moves within the FGP towards an
orientation near the flow direction. From here, introducing a disturbance made the particle
move monotonically along the flow—vorticity plane away from the flow direction. When
the particle was sufficiently close to the vorticity direction, it started to spiral towards
it. Bartram et al. (1975) observed similar behaviour with a ¥k = 5.6 rod. However, unlike
the k = 9.0 rod, no disturbance was required when the particle came close to the flow
direction after being placed near the gradient direction. The time period of particle rotation
about the vorticity axis, that is already very large at large « in Newtonian fluid (27mtk), is
further increased in experiments with viscoelastic fluids (Gauthier et al. 1971; Bartram
et al. 1975). In the experiments where the orientation of the particle centreline was found
to be spiralling towards the vorticity axis, complete alignment with the vorticity axis was
not shown.

Iso et al. (1996b) observed rotations of different high « isolated fibres in a Boger fluid
consisting of 1000 ppm polyisobutylene (PIB) in polybutene (PB) in a simple shear flow
with different shear rates. The polymer relaxation time and concentration, ¢, defined as
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the polymer-to-solvent viscosity ratio, were 3s and 0.39, respectively. With a k = 19
fibre, they found the particle to be orientated very close to the vorticity axis when
De = 1.5. Increasing « to 34.4, or De to 3.0 or both, they found that, after initial spiralling
away from the FGP, the particle obtained a steady orientation between 5° and 60° from
the vorticity axis in the flow—vorticity plane. With k = 34.4 and De = 3.0, they report
two additional observations with no initial spiralling in contrast to other experiments at
identical parameters. The authors attributed different initial orientations and fluid rheology
due to slight changes in room temperature as the causes of the lack of initial spiralling.

Across their two studies Iso et al. (1996a,b) also conducted experiments in a
viscoelastic liquid obtained by adding a certain amount of high molecular weight polymer
polyacrylamide (PAA) to a Newtonian solvent. The shear rate in these experiments was
0.5 s~!, and the fluid was slightly shear-thinning. They observed various behaviours as the
amount of PAA was increased from 100 ppm to 2000 ppm (although the exact value of ¢ is
not available, it increases with PAA amount). For 100 ppm (¢ = 14) and 500 ppm (k = 24)
solutions of PAA at a shear rate of 0.5 s~! (Iso et al. 1996a,b), fibres either end up in a
trajectory where they oscillate in a small periodic orbit close to the vorticity axis or obtain
a stable orientation in the flow—vorticity plane at a particular angle from the vorticity
axis similar to the Boger fluid (Boger 1977) experiments at a higher shear rate of 1.0 s~!
(Iso et al. 1996b). With 1000 ppm PAA, the k = 24 fibre obtains a stable orientation at
the flow direction or 20° from the flow direction in the flow—vorticity plane. Irrespective
of the initial condition, a x = 24 fibre in 2000 ppm PAA solution stably aligns with the
flow direction. Therefore, fibres become more flow aligned with increasing elasticity or
polymer concentration.

The latest available experimental results measuring the effect of viscoelasticity on the
rotation of an anisotropic particle in simple shear flow are by Gunes et al. (2008). They
considered hematite spheroidal particles with a much smaller aspect ratio, k, between 2
and 7.5, than the previous experimental studies. In a 20 % hydroxypropylcellulose solution
in water, they found x = 3.8 particles to be oriented close to vorticity and flow directions
at low and large shear rates or De, respectively. At moderate shear rates, particles exhibited
a bimodal orientation distribution. In a 2 % poly-(ethyleneoxide), flow alignment was
obtained at a lower shear rate for a higher « or c. Most of the fluids they used were
shear-thinning. They reported one experiment of a non-shear-thinning Boger fluid (Boger
1977), consisting of a 0.1 % polyisobutylene in polybutadiene solution, with k = 3.8. Here
the particles were close to the vorticity axis at all shear rates reported.

Due to the variety of non-Newtonian parameters needed to fully characterize
a viscoelastic fluid and several physical phenomena that polymers may undergo
simultaneously, it is difficult to quantitatively compare the previous experiments and
identify the source of various behaviours of particle orientation. For example, temperature
changes during an experiment may change the rheology of the fluid, subsequently
changing the polymer’s relaxation time, or multiple relaxation times may be needed to
represent the fluid fully, or adding more polymers to a solution may not only increase
the polymer concentration, but it may also change the relaxation time of polymers as
they entangle with one another. Thus, numerical and theoretical modelling of the relevant
system is an important tool in isolating and understanding different physical mechanisms
that can complement or inspire future experiments.

Recently, d’Avino et al. (2014) reported numerical simulations of a x = 4.0 prolate
spheroidal particle in a simple shear flow of a Giesekus fluid that models polymer
melts (Bird, Armstrong & Hassager 1987), with large polymer concentration. They used
¢ = 10 and found spiralling towards the vorticity axis for De < 1 and alignment close
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to the flow direction for De 2 3. For intermediate De, depending on De, the particle
obtained either one or two stable orientations between the flow and vorticity axis. They
mentioned similar observations in unreported simulations with x = 8 spheroids with
the transition from vorticity-aligned to flow-aligned particle orientation occurring at a
smaller De. Therefore, the trend of the particle’s final orientation with the shear rate
or De and k between the experiments of Gunes et al. (2008) and the numerical study
of d’Avino et al. (2014), both conducted at small «, is similar. However, it is unclear
from the aforementioned numerical findings if the novel orientation dynamics are due to
first or second normal stress difference, shear thinning or synergistic effects of various
non-Newtonian behaviours exhibited by the Giesekus fluid. Also, at intermediate shear
rates or De, while the orientation behaviour is bimodal, i.e. either along vorticity or flow
directions, in the experiments of Gunes et al. (2008), the final orientations in numerical
results of d’Avino et al. (2014) lie between the flow and vorticity axes in the flow—vorticity
plane. The latter is instead similar to some of the experimental observations of Iso ef al.
(1996a) at larger «.

A richer orientation behaviour is illustrated in the previous experiments of Gauthier
et al. (1971), Bartram et al. (1975) and Iso et al. (1996a,b) at larger k as compared with
the more recent studies of Gunes et al. (2008) and d’Avino et al. (2014) at smaller «.
Numerical studies with large « in a viscoelastic fluid are expensive due to the large
velocity and polymer conformation gradients near the particle surface. Resolving these
large gradients and accurately modelling the shape of a slender particle requires very fine
spatial resolution and hence smaller time steps to ensure numerical stability. Therefore,
theoretical studies at large « are invaluable, and Leal (1975), Harlen & Koch (1993) and
Abtahi & Elfring (2019) are such pre-existing examples.

Using the slender body theory of Batchelor (1970), Leal (1975) predicts that a fibre
rotating in a slow, simple shear flow of a second-order fluid, will spiral towards the
vorticity axis due to the second normal stress difference, 1, of the fluid. Here v is
usually smaller than the first normal stress difference, 11, and it is zero for Boger fluids
(Boger 1977). Hence, Leal’s theory predicts that a slender particle rotating in a Boger
fluid undergoing a simple shear flow with a small shear rate rotates in the same manner as
in a Newtonian fluid. However, the low shear rate experiments of Iso ef al. (1996b) with
a Boger fluid show spiralling towards vorticity. For a large Deborah number, De > 1,
small polymer concentration, ¢ < 1 and also using the slender body theory of Batchelor
(1970), Harlen & Koch (1993) predict the fibre in an Oldroyd-B fluid to spiral towards the
vorticity axis, but, due to ¥; (an Oldroyd-B fluid has i = 0). Shear-thinning, another
property exhibited by polymeric fluids, does not play a role in either of these theories.
Abtahi & Elfring (2019) conducted a theoretical study on an asymptotically weakly shear
thinning liquid and found that a prolate spheroid rotates in a closed periodic orbit but
with a longer time period compared with the Jeffery orbit in a Newtonian fluid. In other
words, shear thinning makes a prolate spheroid’s trajectory equivalent to that of a larger
aspect ratio particle in a Newtonian fluid but does not qualitatively alter the topology of
the trajectories.

Spiralling towards vorticity, as indicated by the two previous theories (Leal 1975; Harlen
& Koch 1993) predicting a qualitative change in particle orientation trajectory, is only one
of the many qualitative influences of viscoelasticity observed in the previous simple shear
experiments of Gauthier et al. (1971), Bartram et al. (1975) and Iso et al. (1996a,b) at
large particle aspect ratio, «. In this paper, assuming a small polymer concentration, we
theoretically revisit the effect of viscoelasticity on a slender fibre rotating in a simple
shear flow to explain the richer qualitative behaviour of a large « particle’s orientation
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in a polymeric fluid observed in the experiments. We use the Oldroyd-B model to isolate
the effect of elasticity from shear thinning. Also, any predicted viscoelastic effects will
exclude the impact of the second normal stress difference and re-examine the fibre rotation
in Boger fluid undergoing simple shear flow.

In the absence of fluid inertia, fluid stress at any point in the viscoelastic fluid
surrounding a suspended particle is decomposed into three components: (a) particle
motion induced solvent stress, i.e. the stress around the particle rotating in a Newtonian
fluid, (b) elastic stress or the polymer stress and (¢) polymer-induced solvent stress,
i.e. the stress created by the perturbations in fluid velocity and pressure due to the
forcing by polymer stress. Therefore, the torque acting on the particle is the sum
of particle motion-induced solvent torque (MIST), elastic torque and polymer-induced
solvent torque (PIST). We consider a freely rotating or torque-free particle where the sum
of the three torque components is zero.

The rest of the paper is organized as follows. In § 2 we discuss different torque generating
mechanisms along with the mathematical formulation relevant to any freely rotating
(torque-free) particle in a viscoelastic fluid. For any polymer concentration, ¢, using
a generalized reciprocal theorem, we derive the formulation where PIST on any such
particle can be expressed in terms of the polymer stress instead of the polymer-induced
solvent stress. After § 2 we are concerned with viscoelastic fluid with a small polymer
concentration, c. Therefore, in § 3 we briefly describe the regular perturbation expansion
of the relevant flow variables in ¢ and the procedure to obtain the O(c) correction to
the rotation of a torque-free particle in a low ¢ viscoelastic fluid. The formulation in § 2
that expresses PIST in terms of the polymer stress allows us to circumvent the numerical
discretization of the partial differential equations to calculate the O(c) polymer-induced
solvent stress. Therefore, the O(c) PIST (and also the elastic torque) can be evaluated
using the leading order or Newtonian velocity field around the particle. In § 4, we use
the matched asymptotic/slender body theory (SBT) solution for the Newtonian flow field
around a slender prolate spheroid to calculate the torques and obtain the O(c) correction
to the Jeffery rotation (Jeffery 1922) rates for large aspect ratio prolate spheroids due to
viscoelasticity. In SBT, in the inner region close to the particle, owing to a large «, the
velocity field is obtained by assuming the flow to vary slowly along the length of the
particle compared with its variation perpendicular to the particle surface. This solution is
taken from Cox (1970). Farther from the particle surface, in the outer region, the particle
centre line is replaced by a line of Stokeslets and doublets. The velocity disturbance
created by these are taken from Batchelor (1970) and Cox (1971), respectively. In the
SBT (Cox 1970, 1971; Batchelor 1970), the inner and the outer solution approach one
another in the matching region, i.e. in the dual limit of the radial distance from the particle
centreline written in inner and outer variables approaching infinity and zero, respectively.
In § 5 we study the dynamical system defined by these equations for different ¢ and De
and illustrate various orientation dynamics of the spheroid predicted by this system. We
also provide a qualitative comparison of the theoretical orientation trajectories with the
previous experimental observations. Finally, we conclude our findings in § 6.

2. Mathematical formulation and different torque generating mechanisms in
viscoelastic fluids

In the absence of inertia, equations governing the conservation of mass and momentum in
the viscoelastic fluid surrounding a particle are

Veu=0, V.o0=0, (2.1a,b)
976 A9-6
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where u and o are the fluid velocity vector and stress tensor field. We consider a particle
with its centre of mass at the origin of a simple shear flow such that it freely rotates with
an angular velocity @), but does not translate. Therefore, the no-slip boundary condition
on the particle surface and the far-field (as |r| — oo) imposed flow boundary condition
are

u=w, x r, onparticlesurface, and, u=r-(Vu)s, asl|r|— oo, 2.2)

where (Vu)so is the velocity gradient tensor of the imposed flow. The equations are
non-dimensionalized with the particle’s maximum length and the inverse of the imposed
shear rate as length and time scales. The fluid stress,

o=r1t+1I, 2.3)

is the sum of the solvent stress, T = —pI + Vu + (Vu)T and the polymeric stress, IT. The
solvent viscosity is the viscosity scale in our non-dimensionalization. In the solvent stress,
p is the fluid pressure. We use the Oldroyd-B model (Bird et al. 1987) where the polymers
are modelled as dumbbells consisting of two beads attached to a linearly elastic spring.
The polymeric stress is

C
= _——(A-D), (2.4)

where c is the polymer concentration, De is a non-dimensional product of the polymer
relaxation time and imposed shear rate, A is the polymer conformation (defined as the
average over possible polymer conformations of the outer product of the polymer end to
end vector with itself) and I is the identity tensor. Here A is affected by convection due
to the fluid velocity, stretching and rotation by the velocity gradients, and relaxation of the
polymer to its equilibrium orientation, A = I. It is governed by

0A T 1
—4+u-VA=Nu) -A+A-Vu+—I—-A). (2.5)
ot De

Due to the absence of any nonlinear term explicitly involving the velocity and pressure
variables in the mass and momentum conservation equations, we can split (2.1a,b) and its
boundary conditions into two parts. The first part is the same as the flow around a particle
rotating with an angular velocity @, in an imposed simple shear flow of a Newtonian fluid.
It is governed by

V-t =0, v.i™ =0y, (2.6a,b)

where the particle motion induced solvent stress, ™ = —pM1 4+ VuM + (VuM)T, is the
sum of the pressure and rate of strain tensor in the solvent due to the particle motion in an
inertialess Newtonian fluid. These equations are subject to boundary conditions

uM = wp X r, on particle surface, and, M =r. (Vu)oo, aslrl - oo. (2.7)

The second part is the balance of the divergence of the sum of the polymeric stress and

TP,

V-u' =0, v.i¥+v.m=o, (2.8a,b)

where the solvent stress generated due to the forcing by the polymeric stress is 77’ =
—pPI + vul + (vuP)T. HerepP and (Vu? + (VuP)T)/2 are the modification of pressure
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and rate of strain tensor by the polymers. Boundary conditions for (2.8a,b) are

uf = 0, on particle surface, and, ut = 0, as|rl = oo. 2.9)

The two parts are coupled via (2.5), i.e. the polymer constitutive equation, where
u=u"+u" (2.10)
and the torque-free condition (2.17). In this framework, the total fluid stress,
o=™"4+"+m, (2.11)

and the total torque acting on the particle surface, o,

G(o) = f dSr x (o - n), (2.12)

14

G(O') — G(TM) + G(TP) + G(H) — GMIST + GPIST + GElaStiC (213)

are decomposed into three underlying mechanisms, where

GMIST — G(zM) = / dsr x ™ . n, (2.14)
p
G'BT = G(=P) = / dSrxtl-n (2.15)
p
and
GFlestic — G(IT) = f dSrx I -n (2.16)
rp

are the particle motion induced solvent, the polymer-induced solvent, and the elastic or
polymeric torques, respectively. The angular velocity, ), of a freely rotating particle, is
determined by the torque-free condition

wp — {wp : G — GM[ST + GPIST _|_ GElaStiC — O} (217)

We consider the motion of a freely rotating particle in a viscoelastic fluid. Our main
motivation is to study the behaviour of a prolate spheroid in simple shear flow. Due
to symmetry, this particle has zero net hydrodynamic force if it moves with the local
velocity of the imposed flow. Its physically motivated decomposed components ( particle
motion induced solvent, polymer-induced solvent and elastic forces) are individually zero
by symmetry. However, the force balance can be considered similar to the torque balance
discussed above for determining the motion of a freely translating particle (of any shape) in
a general linear flow or a particle sedimenting under gravity (where the net hydrodynamic
force must balance the force due to gravity).

2.1. Using a generalized reciprocal theorem to obtain G in terms of I
In its original form, G5 = [, dSr x 7P+ n is a function of =¥ which in turn is driven
P

by IT through (2.8a,b). In this section, using the balance of the divergence of the polymeric
stress (IT) and =¥ from (2.8a,b) and using a generalized reciprocal theorem we derive an

expression to obtain GF3T directly from IT without the need to compute 77
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The auxiliary or comparison problem in a generalized reciprocal theorem must be
chosen based on the surface integral one is interested in evaluating. The effect of the
torque is to rotate the particle. Hence, we consider the Stokes flow around a particle
rotating in a quiescent Newtonian fluid. We define the following auxiliary Stokes problem
for a ‘velocity’ field consisting of a rank-two pseudotensor b, a ‘pressure’ field that is a
pseudovector, ¢, and a ‘fluid stress’ field that is a rank-three pseudotensor B,

aBijk abij 8bjk 0bix
=0, —1 =0, Bjy=—5; Sy 2.18a—
ar; ar; ok ik + ar; + arj 2.18a-)
with boundary condition
bj = €jjxry,  on particle surface, and, b; =0, as|r| — oo, (2.19)

where e;j is the permutation tensor. Here b + @qyxitiary i the velocity field around a particle
rotating with an angular velocity ®quyiliary in @ quiescent Newtonian fluid. Using the
definitions of v¥ and B in terms of the respective velocities, u” and b, incompressibility
of the velocities in (2.8a,b) and (2.18a—c), V - B = 0 from (2.18a—c) and the symmetry of
By and rfk) about the / and k indices we obtain

pOby By

lea—r[ = (220)

ary

Using the balance of the divergence of IT and =¥ from (2.8a,b), the volume integral of
(2.20) in a region bounded by the particle surface, r,, and a far-field spherical surface at
|[r| — oo is

3 ATy
/ dV —[t} by — Buul]l = — / AV byi——. (2.21)
Fluid 071 Fluid ar

Using the divergence theorem, the left-hand side of the above equation can be written as

d
/ dV —[t}bri — Buaut 1 = / dS [t bri — Buiuy ]
Fluid 071

|F|—o00

— / dS mlthbri — Buiut 1, (2.22)
p

where the surface normal »; points into the fluid (away from particle region) on the particle
surface. The fluid velocity due to a particle that exerts a force (force dipole) on the fluid
decays as 1/r (1/r?) in the far field. Hence, the velocities u” and b scale as 1/r and 1/r2,
respectively, and the stresses t¥ and B scale as 1/r% and 1/r>. Therefore, the first surface
integral in (2.22) vanishes. Using the boundary conditions for #” and b from (2.9) and
(2.19) in the second surface integral in (2.22) we obtain

d
/ dV — (tf by — Byl ) = / dS nth eximrm = —GIBT (2.23)
Fluid 071 I

Therefore, from (2.21) and (2.23), for a particle of any shape,
GPIST — / dv(V - 1) - b. (224)
Fluid

This completes the derivation expressing G'57 in terms of the polymer stress IT and a
quasisteady two-tensor field b that is dependent on the particle shape and is a solution of

the auxiliary Stokes problem defined by (2.18a—c) and (2.19).
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In a linear imposed flow such as a simple shear, the undisturbed polymer stress, ITY,
i.e. the polymer stress without the particle, is spatially constant. Hence,

G'T = / dv(v . (1 —mY)) - ». (2.25)
Fluid
Using the chain rule and divergence theorem,

GFIST — / dS(IMy — MY bying — / dS(ITy — ) biiny
|¥|— o0 p
by

—_— 2.26
ary ( )

- / dv Iy — 1Y)
Fluid

The disturbance of the polymer stress created by the particle, Iy — I1 llkj , also decays as
1/r? in the far-field since it is forced by the disturbance to the far-field velocity gradients.
In the case of Oldroyd-B fluids or other dumbbell models such as FENE-P and Giesekus
(Bird et al. 1987), this far-field scaling of ITy — Hllk] is ascertained by linearizing the
polymer constitutive equation (for example (2.4) and (2.5) for the Oldroyd-B model)
about the far-field velocity and polymer conformation to obtain a governing equation for
Iy — 11 lg' Therefore, the first surface integral in the above equation vanishes, and using
the surface boundary condition of (2.19) leads to

0by;
Gt = — / dS(ITy — Y)Y egprng — / vty — mH—, (2.27)
rp Fluid ory
and using G?lastic = f r ds 11 IkEkifTFN,
PIST Elastic U v, bk
I Fluid ary

The first term on the right-hand side is the torque on a particle about its centre of mass due
to (constant) undisturbed polymer stress acting on its surface. It is zero by symmetry for a
constant density fore-and-aft and axisymmetric particle such as a slender prolate spheroid,
and hence for such a particle,

GPIST . GFlastic _ _f dv( — HU) Vb (2.29)
Fluid

and

GElasliC — _ /l ddvv . ((H _ HU) . b) (230)
Flui

Equation (2.28) (or (2.29) for a fore-and-aft and axisymmetric particle) represents the
total torque acting on the particle due to the presence of the polymers (including effects
from both the polymeric stress and the polymer-induced solvent stress), as a function of
polymer stress, IT, and its undisturbed value, ITY. For the Oldroyd-B fluid in a simple shear
flow with 1, 2 and 3 as flow, gradient and vorticity directions, respectively, in Cartesian

coordinates, I'[l.JU = c(2Ded18j1 + (828)1 + 811872)).
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3. Regular perturbation expansion for small polymer concentration

The leading-order solution in a regular perturbation expansion for ¢ < 1 corresponds to a
freely rotating particle in simple shear flow of a Newtonian fluid. At this order the stresses
and hence the respective torques arising due to the polymers, i.e. G'ST and GF/"i¢ are
zero and the particle rotates with an angular velocity that satisfies GMT = 0 (2.17). This
is simply the Jeffery rotation. At the leading order the polymer configuration is driven
by the leading-order velocity field (2.5) and this leads to an O(c) polymer stress (2.4).
Therefore, the torques GPBT and GElastic are O(c) ((2.25), (2.14), (2.15), (2.16)). Hence,
the particle rotation must be modified at O(c) such that the sum of all three torques GM57
GIT and GF!e"i¢ s zero at O(c). The regular perturbation expansion of the relevant flow
variables is

WM — uM<0) + MV T+ 0(cP), (3.1)
P D o), (32
M MO n M +0(cP), (3.3)
uf = cuP(l) +0(c?), (3.4)

PP =" + o), (3.5)
- o), (3.6)
A=A0 1 cAD L 0o?, (3.7
m=ca® + o, (3.8)

0p = 0 + ol + 0, (39)
GMIST _ MIST(D | o), (3.10)
GPIST — GPIST 4 o), (3.11)
GElastic _ GElastictD) | o(c?). (3.12)

In an inertialess Newtonian fluid undergoing simple shear, a particle rotating at
. . 0 . .
an angular velocity w[()O) generates the velocity field u © " As mentioned earlier, the

leading-order angular velocity, w,(,O), is the Jeffery rotation. It allows the leading-order

MO

torque-free condition, |’ " dSrxt n = 0 to be satisfied. The leading-order polymer

constitutive equation is

9A©

|
— Q. VA0 = (v T A0 4 4Oy MO (U= A0). (13)
e

Solving this equation, one obtains the O(c) polymer stress,

1
o = E(A“’) — 1), (3.14)
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and hence the O(c) polymer-induced solvent and elastic torques,
Gt =/ davv.m@@® —mYc s, (3.15)
Fluid

GElasic) _ / aSrx 1D - n, (3.16)
¥

14

The O(c) angular velocity, wl(,l) is the one that allows the O(c) torque-free condition to be
satisfied,

GMIST(I) — / dSr X TM(I) en= _GP]ST(l) _ GElaSl‘iC(l), (317)
¥

P

where rM(l) = —pM(l)I + VuM(l) + (VuM(l))T is obtained from the O(c) equations,

v.u"" =0, v.o"Y =, (3.184,b)
subject to the velocity boundary conditions

1 1
uM(): M():O

wlgl) X r, on particle surface, and, u , aslrl—o00. (3.19

Equations (3.18a,b) and (3.19) represent the rotation of the particle in a quiescent
Newtonian fluid, i.e. a Stokes flow. Due to the linearity of the Stokes flow, GMISTD i

a linear function of w;,l). The latter can be viewed as the additional angular velocity of

1
GMIST( ), to balance the sum of

the particle that generates a large enough viscous torque,
polymer-induced solvent and elastic torque.

The formulation in this section is valid for any polymer constitutive model and particle
shape. By using the formulation of G''T in (2.25) to express its O(c) value in (3.16),
we have avoided dealing with the O(c) equation for the balance of the divergence of the
polymer stress and the polymer induced solvent stress (obtained by regularly expanding
(2.8a,b) in c). Otherwise, obtaining G5 would have required a numerical solution via
discretization of the governing partial differential equations.

4. Rotation of a fibre due to simple shear flow in viscoelastic fluid with small polymer
concentration, ¢

In this section, we calculate torques from the various physical mechanisms discussed in
§ 2 on a large aspect ratio prolate spheroid (considered a slender fibre) freely rotating in a
simple shear flow of a viscoelastic fluid with a small polymer concentration, ¢, using the
procedure indicated in § 3. These torques are then balanced to obtain the O(c) correction
to the particle’s rotation rate due to the presence of the polymers. The Jeffery orbit period
of a slender fibre with aspect ratio k is 2m« and the proportion of time spent outside
|p2] > O(1/x) is only O(1/k), where p, = 0 defines the flow—vorticity plane. Therefore,
a slender fibre suspended in a Newtonian fluid spends most of its Jeffery orbit close
to the flow—vorticity plane, where the particle rotation rate is very small. Hence, most
of the elasticity influence arises when the particle is in this orientation, and polymer
conformation when the fibre is close to the flow—vorticity plane is quasisteady. Thus, the
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polymer constitutive equation (3.13) is simplified to

A MO ©

Pl 0— VAO ~ (VuM(O))T A0 L A0y M

1
4O

+ oo~ A,

.1

The Stokes flow solution of a Newtonian fluid around a large aspect ratio or a slender
prolate spheroid is analytically solvable via a matched asymptotic expansion in 1/«
called SBT. In SBT, the fluid velocity close to the particle or in the inner region is
considered quasi-two-dimensional. It is solved by ignoring the end effects and treating the
slender particle as an infinite cylinder. In terms of the radial distance from the centreline
(non-dimensionalized with the major radius of the particle) p, the inner region is defined
by p « 1. Away from the particle in the outer region, defined by p > 1/k (1/x is the
minor radius), the particle is assumed to be a line of point forces (Batchelor 1970; Cox
1970) and force doublets (Cox 1971). These singularity solutions are used to represent
the velocity and pressure fields. For a large enough « (which is required for SBT to be
valid), an intermediate or matching region exists which is defined by 1/x < p < 1. In
this region, the p — oo asymptote of the flow in the inner region and p — 0 asymptote
of the flow in the outer region are matched. See previous SBT calculations in Cox
(1970, 1971) and Batchelor (1970) for more details. In the rest of this section, we will
use these SBT results to obtain the effect of viscoelasticity on the rotation of a slender
prolate spheroid. In contrast to a fibre with blunt ends, such as a cylinder, a slender
prolate spheroid is more convenient for analysis due to the absence of localized forces at
the ends.

4.1. Flow of Newtonian fluid around a slender fibre and particle rotation rates

Due to the relative velocity between the particle’s centreline and the imposed flow, the
flow disturbance at O(1/log(x)) and higher orders in 1/log(k) can be considered to be
generated by a line of point forces or force Stokeslets located at the particle centreline. This
flow is considered by the general SBT of Cox (1970) up to O(1/ IOg(K)Z). An equivalent
theory by Batchelor (1970) is valid at all orders in 1/log(x) for a prolate spheroid. For
quantitative accuracy, it is advantageous to use the Stokeslet distribution, defined as h®
below, from the SBT of Batchelor (1970) instead of Cox (1970). For a prolate spheroidal
particle fixed in the flow—vorticity plane of a simple shear flow or rotating about its
centreline in a quiescent fluid, the force Stokeslet from these two theories is zero. The
flow driven by the local velocity gradients, which acts at O(1 //c2), 1s dominant in these
cases. Considering the velocity gradients in the far-field relative to the particle, Cox (1971)
provides the solution for this flow. It is a combination of flows driven by O(1/«?) force
Stokeslets (@) and doublets (G Oy,

The Newtonian or the leading-order (in ¢) outer flow generated by a fibre freely rotating
with an angular velocity wéo) in an imposed shear flow of Newtonian fluid with 1, 2 and 3
as the flow, gradient and vorticity directions, when in orientation p,

r=[pm m pl, (4.2)

close to the flow—vorticity plane is obtained by superposition of flows from Batchelor
(1970), and Cox (1971) with the assumption pp < 1 and « >> 1. The outer flow in the
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presence of the fibre is

0 0)/
Up (10 p) =1+ (Vi)o + tips (11 02, p). (4.3)

The disturbance velocity field,

N Ot OFY
WM (r; 0, p) = 87,/ d/l{ 4 0", p) LSO )
ELAY

Wout 1 log(2x) — 1.5 K2

{ 1 (r—/lp)(r—/lp)}
Ir — apl Ir —apP?

I (r—Ap)(r — Ap)
B (0) (0)
+3 /d/l GV (L w, . p): {|,_ﬁp|+ Ir — ApP? }
4.4)

is the sum of flows due to the point forces distributions #?) and £© and the force doublet
distribution g<°> discussed above. The different source distributions are

1 log(2k) — 1.5
ARNOF —4md[p - (Vi)oo — 0 x pl - ( = I—pp)———— =
& @, p) = —4ndlp - (Vu)oo — @) x pl PP+ ( pp)log(zK)_O5
1
O; p) = =4 [0 o' (1- ———)+o0
SO p) nA[0 p 0] oz =03 ) (p2).
2
P3
0 142 0
T3
2
GO e p=2m =) [\ _%pm + (@ -p)e-p [ +0(p2).
! 0
2P1P3

(4.5)

A torque-free spheroid with aspect ratio, x rotating in a simple shear flow has the exact

result for the temporal evolution of the orientation vector (Jeffery 1922; Kim & Karrila
2013),

0 >

p()=w;,0) xpzcoooxp—l—K2

1
—Eco-p)- I —pp). (4.6)

where @wo, and E, are the vorticity vector and strain rate tensor of the imposed simple
shear,

010
Woo=—%[0 0 1", Exc=31[1 0 0 (4.7a,b)
0 0 0
For a slender spheroid close to the flow—vorticity plane,
pP3
w? -p =2+ 0(p). “8)

Using p3 = 1 in the above equation, we obtain the log-rolling velocity (when the particle
is oriented with the vorticity axis)of the particle in a Newtonian fluid and find that in this
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orientation, a slender particle rotates at the angular velocity of the fluid, i.e. half of the
shear rate. w;,o) - p from (4.8) and wI(,O) x p from (4.6) are used to obtain G and O,
respectively, in (4.5).

The flow due to A©) is taken from Batchelor (1970). It is obtained by an expansion
in 1/log(x) for a slender particle. But for a slender prolate spheroid, this expansion
terminates such that the flow due to £) captures the disturbance created by the prolate
spheroid at all orders in 1/ log(x) when expressed as in (4.4) and (4.6). The flow generated
at the next order in & arises at O(x ~2) and is generated by £(© and G It is taken from
Cox (1971) where only the O(k~2) flow is available. Thus, the disturbance velocity in the
outer region given by (4.4) has an overall error of O(x —3). If only ) is considered, the
error is of O(k ~2). The flow generated by h O is proportional to p; and therefore, no flow is
produced by A when the particle is aligned in the flow—vorticity plane. In this plane £
and g capture the (highest) O(k~2) disturbance created by the particle. Accounting for
the flow generated by £ and G© allows us to consider the influence of elasticity within
the flow—vorticity plane.

As mentioned just before (4.1) we expect most of the changes in the particle’s rotation
rate due to elasticity to arise when the particle is near the flow—vorticity plane, i.e. when
Ip2] < O(1/k). Therefore, in A®) we only consider the flow at O(p»), i.e. a flow of
O(p>/log(x)) with an error of O( p% /log(k)). Since the primary purpose of using the
f© and G O flow is to capture the finite effect of elasticity when the particle is in the
flow—vorticity plane, we use f © and GO with p2 = 0 (as expressed in (4.5)) which leads
to a flow of O(1/«?) with an error of O( p2/k?). When |p>|/ log(x) is more than 1/k2, h®
driven flow dominates. In the |[p2| < O(1/«) regime considered, the errors in £ driven
flow, i.e. O( p% /log(k)), are always smaller than the flow generated by f© and g,
i.e. O(1/k?). As p, approaches zero, the A9 driven flow and the associated errors fall
rapidly to zero making £® and G© driven flow at O(1/«?) the dominating one. Hence,
the error terms arising from either of the A or £ and G ©) driven flow are always lower
than the actual flow when |p2| < O(1/k). For |p2| > O(1/k), the Newtonian rotation rate
of the fibre dominates over the changes due to elasticity, and we consider the exact Jeffery
rotation to account for it.

We have considered spheroidal particles in our theory. However, in experiments with
slender particles (Gauthier et al. 1971; Bartram et al. 1975; Iso et al. 1996a,b) it is
convenient to fabricate cylindrical particles. The forces generated by the blunt ends of
a slender cylinder lead to an additional torque of O(1/k?) (Cox 1971) rendering the
O(1/k?) flow generated by f£© and G © inaccurate. Instead of being valid at all orders
in 1/1log(k), the A©) generated flow may be considered up to order 1/ log(x)> (Batchelor
1970). Taking the O(p,) terms with this velocity field can still allow us to consider the
flow accurately up to O(p2/log(x)). Thus, the upcoming theoretical development for the
orientation dynamics of a slender prolate spheroid leading up to (4.46) can still be used
for a slender cylinder while ignoring the £ and G flow and using only the appropriate
terms up to 1/log(x)? instead of the factor 1/(2log(2«) — 3) appearing in the following
text. Most of the features described in § 5 while analysing the theoretical prediction of the
influence of viscoelasticity on the orientation of a slender spheroid will be qualitatively
valid for a slender cylinder or a general slender particle.
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The Newtonian flow at O(c) is due to a fibre rotating with the perturbed angular velocity,

w,(, ), in a quiescent fluid, i.e. (3.18a,b)—(3.19). In the outer region, the fluid velocity is

MO )(r a)(l) ) = 1 /1 rD w(l) p) I (r— Ap)(r — Ap)
Hour ’ log(2k) — 0.5 | |r — Ap| |r — Ap|3
1! 1 1 (r— Ap)(r — Ap)
— | dAd—=GV el p) Vv
T L PR [P Py PR

4.9)
where

RV 0l p) =4ni0) xp. GV 0, p) = —21(1 — ) (@ - p)e - p.
(4.10a,b)

The torque generated by this flow is

1
GMIST (wél)’P)

1 1
=/1 i Lo g Axh" \ _sn (@ -pp_ o) -d—pp))
e log(2x) — 0.5 3 K2 log(2x) — 0.5

(4.11)

Taking the cross product of this equation with orientation vector p leads to the O(c)
rotation rate

P =0 xp=——(log2c) — 0.5 G V" p) xp).  (412)
Using the torque balance at O(c) from (3.17) we obtain
1 (1) Q)
PV = Ppist + Priusic: (4.13)
where
(1 3 M
Phisr = g log() — 0.5)(G"ST x p) (4.14)
is the effect of polymer-induced solvent stresses on the particle rotation rate, and
Pitsre = - (108(26) = 0.5)(G"7 < p) (4.15)

is the effect of the elastic stress on the particle rotation rate.

4.2. Rotation due to polymer-induced solvent stress

From (2.4), (3.14), (3.16) and (4.14), the rotation rate due to the polymer-induced solvent
stress is

3
Phisr = — (log(2k) — 0.5)p x / dV(V - (A9 — AY)) . b. (4.16)
8mDe Fluid

We remind the reader that here b is the auxiliary ‘velocity’ field used in the reciprocal
theorem for deriving the polymer-induced solvent torque ((2.24) or (3.16)). Here b - @
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corresponds to the fluid velocity around a fibre rotating with an angular velocity  in a
quiescent fluid. Therefore,

b=V wuM?, (4.17)
@p

where uM i is the solution to (3.18a,b) and (3.19). The volume integral in (4.16) is
approximated from the outer region of slender body theory, where the particle is replaced
with a line of point forces and doublets. We find the integral from the outer region to
converge, and the contribution from the inner region is expected to be small due to the
smaller volume of that region. Therefore,

. 3
Bt ~ oo (022 = 09 x [ ErV - (A =A%) b 19

where the volume integral is taken over the entire space, A(()?l), is the polymer conformation
in the outer region and from (4.9), (4.10a,b) and (4.17),

1! 4ndp - € I r—Ap)(r—2
bour = —/ Pre . W) L o). @19)
8t J_1  log(2«¢) — 0.5 |r — Ap| |r — Ap|
It is straightforward to show
1
. v
Ppisr ~ 30— pp) - f A" Gp), (4.20)
where
1 1 1 (r—Ap)(r — Ap)
0" (Ap) = —/d3 —v . (A —aY).
out (AP) 81 "De (Apur ) r — Ap] + r — ApP3

(4.21)

is the velocity field evaluated on the particle centreline that is produced by polymeric force,
(1/De)V - (A(O) — AY), acting in the outer region. This form of the rotation rate, (4.20)

out

and (4.21), was considered by Harlen & Koch (1993). However, they did not account for
all the relevant terms in calculating Ag?t), as we show below.

As discussed in §3 and shown by (3.13) and (4.1), the polymer conformation, A
depends on the leading-order Newtonian velocity. In the outer region, the velocity
disturbance created by the particle is O(max[ p»/ log(k), 1/k2]) smaller than the velocity
of the imposed simple shear ((4.3), (4.4) and (4.5)). Thus, we linearize (4.1) in the outer
region about the imposed flow field, r - (Vu)o, and obtain the governing equation for the
disturbance in the polymer conformation from its undisturbed value,

0)/ 0
Aur = Ao — Al (4.22)
to be
1 / / /
(7 Va9t ) ALY (V- ALY = AL (Vur
/ /
= (Vi AU 4 AV . v MO (4.23)
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It is more convenient to solve (4.23) in Fourier space,
0 1 0 0 0
( kige ) Ay = (VL - A = AL - (Vi

NYROY ~m (0
=i@ " k- AV 4 AY kM T, (4.24)

where A((,(,)}, =F (A(()(L),),) and A%”( ' = =F (uUMm(O)) are the Fourier transforms of the
disturbance of polymer conformation and fluid velocity in the outer region. The rotation

rate in (4.20) is expressed as

1
ng?ST ~ 2(1 —pp) - / da / d3k Aexp(2midk - p)u’;%yme’, (4.25)
-1
where from the convolution theorem,

olymer_. )/ S T — L {_Z _L _%
oy = De Aout (k; p) - J(k) with J (k) = F <83‘[ (,, r3>> T2 (I )
(4.26)

We solve the polymer constitutive equation (4.24) in Fourier space using the
A /

method of characteristics to obtain Aé(,)},. The characteristics are the streamlines of

the imposed shear flow (in the Fourier space) and so only integration along the k»

direction is needed. The limits of the integral are cosgn(k;) and k; and the boundary

condition is A(O)

out
Af,(,)l),, hence obtained, allows us to evaluate the integral in (4.25). The expression

/
used for the disturbance in the Newtonian velocity field, u%l(to), has errors of

O(max[ p% /log(k), pa/k?, 1/k31). Due to the linearization of the constitutive equation,
the error in evaluation of rotation rate is O(e), where

2
1
eﬁ:max|: P ,’2,—] 4.27)

(cosgn(ky)) = 0. We use computer algebra for this calculation. Here

log(k)’ k2’ k3

Due to fortuitous cancelling of terms, a simple expression for the second (gradient
direction) component of the rotation rate is obtained,

0) Depip:
P2PIST = T 3 log(2k) — 3

valid at all De. Equivalently, from the outer region integral of (3.16), i.e.

+0(ep), (4.28)

1
TV ~ — / Erv - (A9 - AY) - by, (4.29)
De
we obtain the first and third components of the polymer-induced solvent torque,
PIsT(1) pIsT(1) 2.2
T S 4De pip2 0( s ) (4.30)
p3 P1 3(log(2x) — 0.5)(log(2«) — 1.5) log(x)

Since, pS)ST =3/(8m)(log(2x) — O.S)(GPIST(D X p) (4.14) we may obtain pg;,ST =
—Dep%pz /(21log(2x) — 3). However, the equations for determining the torque component
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PIsT (D)
G,

in the gradient direction, or rotation rates in flow and vorticity direction, p(lll)pIST

and p(ﬁ})p,ST are not tractable for a general De. Therefore, to obtain these components we
consider small and large De limits separately in §§4.2.1 and 4.2.2.
We find the particle rotation rate due to polymer-induced solvent stress in gradient

direction, ]'JEI}JIST to be dependent on the first normal stress difference of the Oldroyd-B

fluid. This is because pfj,)ST in (4.25) is directly proportional to /Alg,)),/ that is in turn
dependent on AY via (4.24). This first normal stress difference dependence is further
confirmed by repeating the above calculation by artificially setting Ailj] = De281~18j1, such
that the only non-zero non-Newtonian property of the fluid is a finite first normal stress
difference equivalent to that of an Oldroyd-B fluid. Similarly, we find the two remaining
rotation rate components in the limit of large De calculation of § 4.2.1 to arise from the first
normal stress difference of the Oldroyd-B fluid. The rotation rate for a second-order fluid
(O(De) rotation rate in the small De calculation of § 4.2.2) is also due to the first normal
stress difference. An Oldroyd-B fluid has no second normal stress difference. In addition
to its appropriate modelling of the simple shear flow of a dilute polymeric liquid, the
Oldroyd-B model the advantages over other models such as FENE-P or Giesekus (Bird
et al. 1987) of simplicity and hence better analytical tractability. As mentioned in § 1,
the second normal stress difference for most polymeric fluids is much smaller than the
first normal stress difference. Hence, the effect of the first normal stress difference as
ascertained from the Oldroyd-B model is likely to be the most important contribution in
determining the influence of polymers on the orientational dynamics of a prolate spheroid
in simple shear flow.

4.2.1. Large De

In the large De regime, the relaxation of the disturbance in polymer conformation in the
outer region is much slower than its convection and stretching by the imposed velocity
field. Therefore, when De > 1, (4.24) simplifies to

M (0
k- AV + AV k2.

(4.31)

)/ NV oA (0)
kg A = (V- Ay = Ay + (Vu)oo = iy,

A /
This equation is solved in a similar way as (4.24) described earlier. Using Ag?,), obtained
from this equation we find the particle rotation rate due to polymer-induced solvent stresses
at large De to be

—P1P§05De>>l
lim pl(D]I?ST = De —p%# ,  with apes1 = ;4 + 371-[[)2 tan™! Pil 4.32)
De>1 2log(2k) — 3 k% 4log(2k) — 6 p3l
p%pSO‘De»l

The large De approximation can be viewed as the leading O(De) term in an expansion
in powers of 1/De. Thus, the error due to the expansion in 1/De is O(1) in the first
and third components of limp,s, | p}},)ST. There is no error due to expansion in 1/De for
pg},,sr as same value is obtained via De >> 1 approximation as that for a general De in
(4.28). As mentioned earlier, pg})m has an error of O(ep) (4.27). Here pif}m and pgf}m
have an error of O(Deep). To the best of our knowledge, the only previous theoretical
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study concerning the rotation of a slender particle in a viscoelastic fluid at high De was

conducted by Harlen & Koch (1993). However, they did not account for the stretching of
A /

the conformation disturbance, Af,?,)t , by the mean velocity gradients, i.e. they omitted the

A / A /
VT - AY + AY) . (Vu)o term in (4.31).

4.2.2. Small De
When De <« 1, a solution of (4.23) or (4.24) is obtained via a regular perturbation
)’

our 10 the powers of De

expansion of A

) 0/
AD = 52 penAO (4.33)

out out
The first two terms in this expansion are

~ (0
(0) -0

out ’

N (4.34)
A /
AO™ — i+ aM O,

out
The polymer conformation at higher order in De is obtained from the following equations:

~ 0@ ~ oD A gy (D
AQ) T = (v AL+ ALY (Ve

N A d ~ D
+i@" Pk AV 4 AV MOy 4 A9
ko
PONE) 0@ a @
Agd = (Yl Al "+ A5 - (Vi
A 2 2) A J ~ 0@
ik A+ A7 ki) + A
2

A0 (n—1) A0 (n—1) 0 ~ o (n—1)
= (Vu)go : At()ut) + A(()ut) : (Vu)oo + kl _A(()ut) ’ nz= 4.

dky
(4.35)
Therefore, in the limit of low De, pﬁ},gT can be obtained up to arbitrary order in De,

A

out

() 3 - '™

Dhm Ppist = —5—(log(2x) — 0.5)p x X = De dv(V - (A,,;; ))-b. (4.36)
e1 8w Fluid

We will discuss the contribution of the n = 1 term, i.e. O(1) term in De expansion of

ng)ST in the above equation in § 4.4, along with the similar term in the expansion of pglfl stic:

Higher-order contributions to p;},)ST can be evaluated in Fourier space. From (4.33)—(4.35),

using the expansion of A((,?,),/ up to O(De®) (even higher orders can be easily evaluated),

we obtain

lim p0 = _i(log(zx)—OS)px/ avv - a2 p
pec1” P81 87 ' Fluid o

2
—P1P3%Dexk1

2
+Del| _ pip2 , (4.37)
2log(2x) — 3

2
P1P3%Dek1
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where

4 pip2 3 2 3 13 2 2 5
o =4+ ——2  __(5De— =2+ p3)De* + —(8 + p3(4 + 3p3))D
Pe<cl 2 8log(2k) — 12 ( ¢ 2( 3)De 10( 3 3)De

(4.38)

As expected, we obtain the same expression for p2 PIST from this perturbation expansion
in De valid at small De as was obtained directly for a general De in (4.28). The error in the
rotation rate in (4.37) is O(Dee) for all the components (¢, is given in (4.27)).

4.3. Rotation due to elastic stress

The elastic torque, GE«stic (l), is due to the polymer stress on the particle surface ((3.14) and
(3.16)). This is evaluated through the polymer constitutive equations on the particle surface
written in the frame of reference moving with the particle surface. Due to the absence
of polymer convection relative to the particle on the latter’s surface, the quasisteady
constitutive equation (4.1) simplifies to a set of coupled algebraic equations,

V" s 0. p)" - ALY + AP Vil 00 )+ - AD) =0, @39)

at each point on the surface. Here r, is the position vector of a point on the surface.

Vu M © (rp; @ (O), p) and A(O) represent the surface velocity gradient of the inner velocity

ﬁeld and the surface polymer conformation, respectively, at r,. The inner velocity field
is obtained from Cox (1970, 1971). These velocity fields include the effects of point
force Stokeslets and doublets that correspond to the outer velocity field accurate up to
0(p2/10g(l()2) and 0(1//(2). Solving (4.39) via an asymptotic expansion in 1/k and
ignoring higher-order terms leads to the elastic torque

8¢ | P13

Ghingic = 32 | 0 | +Omax(pa . ). (4.40)
2

and the corresponding rotation rate

. 3 1
o) = —8—n(10g(2/<) —0.5)p x f ds (r X D—e(AI()m -I. n)

0
log(2k) — 0.5
:%pl 1| 4+ O(log(k) max[ pox 2, k). (4.41)
K
0

Therefore, for all De, in limits of large x and small p,, the O(c) elastic torque is
independent of the polymer relaxation time, De.

4.4. Net rotation due to the polymers
Combining the results of the previous two sections, we obtain the net change in the fibre’s
rotation rate due to polymers.
(1)

For De « 1, we can obtain the O(1) term in the De expansmn of p PIST and PI(EIZL siic for all

particle orientations, without resorting to the outer region approximation for the former.
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The first two terms in the polymer configuration, everywhere (inner and outer region) is
similar to that mentioned earlier in (4.34), i.e.

A(o) _ I—f—De(VuM(O) + (VuM(O))T) + O(Dez). (4.42)

From the combined effect of polymers from (3.16), (4.13), (4.14) and (4.15), along with
using the value of A© from (4.42), divergence theorem, the leading-order momentum

equation (i.e. VpP O_v. [Vu? o + (vVul (1))T]) and the auxiliary Stokes problem
((2.18a—c) and (2.19)), we obtain

. . (1 (1
tim p e + 2 prsy

De«k1
_ f asr x (Vi + v T — M1 L n) 4 0De)
p
_ / asr x ™ 4 0De) - n = O(De). (4.43)
p

The O(1) term in this sum is equivalent to the rotation due to the leading-order torque (in ¢)
acting on the particle. This is the torque on a freely rotating particle in a Newtonian fluid
and is hence zero. Thus, for a freely rotating particle for De < 1, the O(1) rotation rates (in
the De expansion) due to the torque generated by the elastic and polymer induced solvent
stress cancel each other and lead to no change in the net particle rotation. The change
in the particle rotation due to the polymers arises at O(De). Close to the flow—vorticity
plane, the rotation rate due to the elastic torque was shown to be independent of De for
all De in (4.41), which we have just shown balances the equivalent rotation rate due
to polymer-induced solvent torque for De < 1. Thus, the O(De) and higher effect of
polymers on the particle’s rotation rate arises entirely due to the polymer-induced solvent
torque (4.37) and is given by

—P1P§00e<<1
2
im 3% 50 Vv pel _ pip2 4.44
D;l’<1’<1] (pElasnc +pPIST) € 210g(2K) _3 ’ ( )
P%P3061)e<<1

where ap.« is given in (4.38) and the errors are O(Deej) for all the components (where
€p 1s given in (4.27)).

For De > 1, the total effect of viscoelasticity on the particle rotation also arises mainly
from the polymer-induced solvent stress. But, unlike the De < 1 regime, here the reason
is that the effect of the elastic stress is O(De) smaller. The net rotation rate due to the
polymers is

_PlpgaDe»l
2
lim (3 5D N pel| __ PiP2 4.45
D;gl (pElasnc +pPIST) € 210g(2K) _3 ’ ( )
p%p305De>>1

where apes1 is given by (4.32). The error in p(lf},,ST and pgffum is of O(Deep) (4.27).
Neglecting the elastic torque leads to an additional error of O(log(k)/«?) in the second

component and O(log(x) max| pzl(_z, «3]) in the first and third component of the net
rotation rate due to the polymers (4.41).
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4.5. Equations of motion of a freely rotating fibre in low c viscoelastic fluid at all De

Equations (4.44) and (4.45) encompass our main result for the effect of viscoelasticity on
the rotation of a particle suspended in simple shear flow at large and small De, respectively.
In the limit of large De and for a second-order fluid (O(De) rotation rate in small De
limit), the effect of viscoelasticity is due to the first normal stress difference of the fluid
as discussed in §4.2. The governing equation for the orientation dynamics of a slender
prolate spheroid that includes the viscoelastic effects near the flow—vorticity plane is

2
P2 k“—1/p>
<3 —p%pz) — ¢ Depipla

2 k241
. _dp pi . kK2—1/p 5 pip2
== =|_2 PL_ —¢De— P12 1 4.46)
P=q 2 +;<2+1(2 p“”z) P log(26) — 3 (
k2—1

— + ¢ Dep?psa
i 2 PP PiP3 |

where in the large De limit « is apes1 (4.32). In the small De limit we consider ape«1
(4.38) up to O(De) and interpolating between these two limits of De, we obtain the
following uniformly valid approximation for « at all De:

4 P2 2.5p1De

_— + .
27" Hlog(2x) —
* 0g(2k) =6 1+ 2.5191De/(3ntan_l |p_1|>
P3

(4.47)

Equation (4.46) introduces no errors in the Newtonian rotation rate of a prolate spheroidal
particle. The slender body theory provides a good approximation for the Newtonian
velocity field for ¥ 2 10. The errors in these equations due to the viscoelastic terms are of
O(c Deep) for all the components (€ is given in (4.27)) in the De < 1 limit. For De > 1,
the errors are of O(c Dee) in the first and third component and O(c max[log(x)/ K2, €y]) in
the second component. Before analysing the influence of polymers on particle orientation
as suggested by this equation we compare our theory at low De with that of Leal (1975).

4.6. Comparison of second-order fluid result with Leal (1975)
Leal (1975) considered the motion of a fibre in a second-order fluid and found

PE = —pipa(pa + Vpi (1 — 2p3)) (4.48)
P5 = —pipap3(1 = 2Vp1p3), (4.49)

where V = — 34y /16log(k))M1(1 + 2¢1), A = @3U/pl is the polymer relaxation time
(u is the zero-shear-rate viscosity, [ the particle half-length and U a characteristic velocity
scale) and €] = @,/ P3,

1 —022 011 — 033

o
@y = — lim — and &3 = lim ,
y—0 2)/2 y—0 )/2

(4.50a,b)

where o1, 022, 033 and y are the first, second and third normal stresses and the shear rate.
and M| is a positive number depending upon the shape of the particle. In non-dimensional
terms A = 2De, V = (—3De/8log(k))M1(1 + 2¢1). Here (1 4+ 2¢;1), and hence V in
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Leal’s theory, is proportional to the second normal stress difference. Up to O(Dep») Leal’s
results are, therefore,

- Leal

123 = —pip3 + ——— M (1 4+ 2¢))pip2 + O(DE?, p3De), (4.51)

3D
( )
péf“’ —pipap3 + O(De?, p3De). (4.52)

By taking only up to O(De) terms from (4.46), our results up to this order for a prolate
spheroidal particle in a second-order fluid are

cDe
2log(2x) — 3

p3 = —p1p2p3 + O(c Dé?, cp3De). (4.54)

P2 = —pips — pipa 4 O(c D%, cp3De), (4.53)

Hence, our theory’s first viscoelastic effects at low De have the same functional
dependence of rotation rates on the particle orientation as that of Leal’s second-order
fluid theory. However, our theory predicts these effects to arise from the first normal stress
difference. In contrast, Leal’s theory predicts these to emerge from the second normal
stress difference. According to our theory, a prolate spheroid rotating in a simple shear
flow of a Boger fluid that has zero second normal stress difference (Magda et al. 1991),
will exhibit a different rotational motion at a finite but small ¢ De as compared with ¢ = 0
(Newtonian fluid). Specifically, a particle spirals towards the stable limit cycle close to the
vorticity, as discussed in the next section. However, Leal’s theory predicts Jeffery rotations
or no effect of viscoelasticity. Brunn (1977) considered the motion of rigid particles in
second-order fluid. While Brunn (1977) does not calculate the rotation rates for a rod-like
particle such as prolate spheroid, for a dumbbell representing two spheres joined by a thin,
rigid rod, he also obtains the same functional dependence of rotations rates on the particle
orientation. However, instead of the factor M (1 4+ 2¢1), Brunn (1977) obtains (1 + 4¢€1)
so that the rotation rate of a dumbbell in a second-order fluid with zero second normal
stress difference is finite.

5. Analysis of particle orientation dynamics

Before a more detailed analytical and numerical treatment of (4.46), we qualitatively
describe the changes in orientation dynamics introduced by viscoelasticity as given by
this equation. We obtain three primary regions in ¢ De — k space where viscoelasticity
leads to different final fibre orientation behaviours. These regions, Ry, = RSo)ﬂ U RI(JZO),,,

1 2 (1 2 3
RﬂOW = R}(‘lo)w U R}lo)w and RﬂOW—UO”f - Rﬂo)w vort R;lo)w vort R}(‘lo)w vort? separated by the

curves A, Sow = =0 and ¢ De = CD6|§;T”oﬂ are shown in figure 2 for ¢ = 0.005. In Ryoy,

i.e. the region to the left of the curve A4, Sow = = 0 in figure 2, irrespective of the initial
orientation, the particle is attracted towards a stable limit cycle near the vorticity axis
where the particle revolves in a small periodic orbit around the vorticity axis. In Ry, i.€.
the region to the right of the curve ¢ De = cDe|§l’4’;’_” off in figure 2, a particle aligns close
to the flow direction for all initial orientations as a stable fixed point at this location is
the only stable attractor in the orientation space. This flow alignment behaviour is similar
to the particle trajectories observed by Iso ef al. (1996a) at large elasticity (large c). In
Rfiow—vort» defined as the region between /li fow = =0 and ¢ De = ¢ De C;’t””oﬁ in figure 2,

depending upon the initial orientation, the particle can either obtain a final orientation
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Figure 2. The k—c De parameter space, for ¢ = 0.005, divided into regions with different qualitative behaviour
of a particle’s orientation dynamics. Here b? and ¢ are given in (5.4) and (5.12a,b), respectively; /lg} o and

/lg};w, are in (5.14). The procedure for numerically obtaining cDe|’;,i’[’fof is described in § 5.4.1.

within the FGP (it may either obtain a stable orientation or rotate within the plane) or
rotate in a small periodic orbit around the vorticity axis.
There are subdivisions of the regions Ry, Row—vors and Ry, based on the behaviour

of the particle’s orientation trajectory near the FGP and the vorticity axis. In R,(Jlo)r,

(figure 2), a particle starting near the FGP spirals away from the plane and towards the

limit cycle near the vorticity axis. In contrast, in Rf)%,)rt (figure 2), once a particle comes
close to the flow direction, it drifts along the flow—vorticity plane in a monotonic fashion.

Rf)lo),t trajectories are reminiscent of the observations of Gauthier et al. (1971) at low shear

rates (low De) and also some of the particle trajectories of Iso et al. (1996a,b) at low
to medium elasticity (small to medium c). The trajectories in Rf?o)rt, on the other hand, are
similar to that observed by Bartram et al. (1975) at larger shear rates or De (than the earlier
low shear rate experiments with the same fluid reported by the same laboratory in Gauthier

et al. (1971)). Within the region Ry, shown in figure 2, trajectories in R;ZIO)W and R;Zzo)w have

different behaviour near the vorticity axis. In the former, to the left of the curve k = ¢ De
in figure 2, the vorticity axis is an unstable spiral. Thus, the particle leaves the region
close to the vorticity axis in a spiral motion. In the latter, the vorticity axis is an unstable
node, and the particle leaves the vicinity of the vorticity axis in a monotonic fashion. The
trajectories near the vorticity axis in also in Ryey; and Rfow—yors are similar to those in

R]EZL)W As mentioned above, in the region of multiple final particle orientations, Rfow—vorts

in addition to a stable limit cycle/periodic orbit close to the vorticity axis, a stable attractor
exists in the FGP. Rfy,—yors can be further subdivided into three subregions. In R;IIO)W_ vort

(figure 2), the particle spirals towards the FGP and then tumbles within the plane. In this
case, the particle slows down close to the flow direction before speeding up again as it

976 A9-25


https://doi.org/10.1017/jfm.2023.823

https://doi.org/10.1017/jfm.2023.823 Published online by Cambridge University Press

A. Sharma and D.L. Koch
3)

departs from this orientation. In R;,zo)w_v o and R]((l ow—vore igure 2), there is a stable fixed

point very close to the flow direction. Hence a particle starting close to the FGP ends up

being flow-aligned. In R? there is an unstable node within the FGP (farther away

flow—vort®

from the flow direction than the stable fixed point). In contrast, in R](‘l3o)w—v ot

node is replaced with a saddle point with its stable manifold perpendicular to the FGP.
Therefore, the basin of attraction of the stable fixed point (with the stable limit cycle being

the other stable attractor) is larger for RY than for R

flow—vort flow—vort*
The above is a qualitative description of all the different behaviours exhibited by the
dynamical system of (4.46). However, the predictions for regions of large ¢ De (such as

RJ%)W) are speculative. This is because the first normal stress difference in the polymer

stress is proportional to ¢ De and our regular perturbation theory is based on the polymer
stress being smaller than the Newtonian stress. We nevertheless include these regions here
to provide a complete description of the dynamical system and later numerical studies
of the original governing equations described in § 2 may be useful in determining the
quantitative and qualitative validation of the theory considered here.

In the rest of this section we will derive the boundaries that determine the
aforementioned divisions of ¢ De — k space and provide a more detailed analytical and
numerical treatment of (4.46). The b> = 0 and k = 2c De boundaries shown in figure 2
will be determined in §§ 5.1 and 5.2, respectively. The /1(2)}1 ow = 0 ﬂg;q;w =0and ¢ =0
boundaries are derived in §5.3. Here cDe|£,i’t’fffﬂ, is numerically obtained (the other
boundaries of figure 2 are analytical) in § 5.4.1. To numerically integrate the orientation
trajectory we transform equation (4.46) into € — ¢ coordinates, where

the unstable

0@ sn@] = L
pl Sin Sin . = T =
p=|p>| =]sin@®)cos(@) | — (‘11; 51;1(0) a;p - . (5.0)
P3 cos(0) — = (—2 cos(p) — L sin(gb))
dr sin (0) ot ot

Integrating this 6 — ¢ system instead of the equivalent equation (4.46) directly for p
numerically preserves ||p||2 = 1 constraint.

The boundaries in the ¢ De — k space shown in figure 2 are obtained for ¢ = 0.005.
The primary ¢ dependence of the various boundaries is in the form of ¢ De and similar
partitioning of the ¢ De — « space is found with different values of ¢, albeit with small
quantitative changes. The boundaries associated with b*> = 0 (5.4) and k = 2¢ De only

depend on ¢ De for a given «. We find (§ 5.4.1) the cDelLL,L’;’t'fZﬁr boundary to be insensitive
to changes in ¢ at constant ¢ De for ¢ < 0.1. However, increasing ¢ moves the /1(2);‘20\4/ =0,

A(z)}lgw = 0 and ¢ = 0 boundaries in the ¢ De — k kappa space to the right or larger ¢ De

(not shown) even at small c¢. The ﬂg}sz = 0 curve moves more than /1(2);‘10w = 0 upon

increasing c¢. Thus, in the ¢ De — k space, upon increasing c, Rf,%,)r,, R]EIL)W and R(i)w are

unchanged, Rf,%,)” and R? are enlarged, and, RV and RY

flow—vort flow—vort flow—vort are reduced in
size.
5.1. Low dimensional orbits: log-rolling and tumbling
We begin our analysis with two convenient orientational states: (a) log-rolling with
the particle aligned with the vorticity axis, and, (b) tumbling in the FGP (p3 = 0).
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Due to symmetry, and as suggested by (4.46), viscoelasticity does not change the particle’s
orientation from the log-rolling state. Also, in the log-rolling state the theory predicts that

. . . S 1
the polymer-induced solvent and elastic torques due to viscoelasticity, i.e. Gg) s

(4.30) and Gglasric(l) from (4.40), are both zero. Thus, the polymers do not change the
log-rolling angular velocity of the particle at O(c).

In the FGP, close to the flow direction p; ~ 1, the equation governing the particle
orientation is

from

P2

De———. (5.2)
2log(2x) — 3

1
P 2
pZ"‘_pz_F_

Therefore, we notice that viscoelasticity (¢ De > 0) reduces the rotation rate of the particle
as compared with the Newtonian value (¢ De = 0). This equation has an analytical solution

— btan((t — 10)b)—2¢ (5.3)
p2= 0 4log(2k) — 6’ ’
where
1 D 2
= (—2 ) (5.4)
K2 4log(2k) — 6

At small values of ¢ De when b? > 0, the solution is periodic with a time-period 27 /b.
Upon increasing ¢ De, b = 0 when ¢ De.iy = (4log(2x) — 6)/k and an infinite period
bifurcation occurs. Further increasing ¢ De lead to b* < 0 and two fixed points appear

at [ P) 4y 01 and [p) ., 0] within the FGP, where

0— ¢ De 0 0 ¢ De 5
_ e = /T (55ab
P2or = " Zlog2) — 6 Pafor = " Flog2) = 6 O-3ab)

There are two additional fixed points at —pg}l o and —pg}lgw that can be mathematically
obtained by repeating the above analysis near p; = —1. In the sense of Jeffery orbits, the
fixed points are downstream of the flow—vorticity plane and very close to the flow direction

when « is large, and ¢ De is small; p(z)}l;w is farther downstream. Within the FGP, particle
trajectories approach :l:p2 Slow’ while they depart :I:p2 Slow . Therefore, in the b* < 0 regime,

a particle placed in the FGP approaches a steady state orientation py = :tpz,ﬂ o VE Wil
later observe in § 5.3 that in the orientation space near the flow-direction off the FGP,
i.e. for a finite 0 < p3 < 1, the trajectories may either approach or leave these two fixed
points along the vorticity direction.

5.1.1. More accurate location of fixed points on FGP in b*> < 0 regime

Above, we analysed the equations near the flow direction under the assumption p; ~ 1
and found two fixed points in the b*> < 0 regime at orientations given by (5.5a,b). These
expressions are only valid when the fixed points are near the flow direction. However,
as ¢ De is increased at a given «, the fixed points separate from each other in the flow
gradient plane. The fixed point at p, flow MIOVES closer to the flow direction, while p, fow
moves away from the flow direction. To better estimate the latter’s location we relax the
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Figure 3. Variation of the fixed points’ location on the FGP with ¢ De for various « in the P ab <0
regime.

assumption of p; ~ 1 in the expression for dp,/df and obtain the improved expressions

130— B _\/—fz//c2 + ¢2De2 )2 — fe Dey/ —b?
2 flow — 21,2 2 ’
c*De* +
/ (5.6)
o—_ | —f?/k?+ 2De? /2 + fe Dev/ —b?
P2 fiow = — 2De? +f2 ’

where b2 = (1 +«2)/k* — (cDe/(2f))* ~ b and f = 2log(2«) — 3. From figure 3, as
¢ De or k are varied, we observe the qualitative behaviours of ﬁg}z o and ﬁg;‘l;w are the

same as those of pg}l o and p(z)ﬁ;w mentioned~ above. Here f)g}l o 18 shown with dashed
lines and i’(z);?;w viith solid lines in the region b2 &~ b? < 0. At the beginning of the dashed

and solid lines, b2 ~ b* = 0, for a given «, ﬁg}l o = ﬁg;lgw, because these fixed points
arise out of an infinite period bifurcation (Strogatz 2018), as mentioned earlier.

Therefore, while polymers have no influence on the log-rolling motion, they slow down
or stop the tumbling motion of a prolate spheroidal particle within the FGP. We now
move on to consider three-dimensional orbits by first observing the particle’s orientation
trajectories close to the vorticity axis in § 5.2 and then the trajectories near the FGP in
§5.3.

5.2. Effect of viscoelasticity near the vorticity direction, p3 ~ 1
Equation (4.46) has a fixed point on the vorticity axis,

P, =100 0 1]. (5.7)
Due to the constraint ||p||> = 1, we consider the linear stability of the p; — p» dynamical

systemusing pz = ,/1 — p% — p%. In the p; — p» coordinate system, at the fixed point [0 O],
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Figure 4. Various orientation behaviours near the vorticity axis: trajectories of particle orientation starting
very close to the vorticity axis at different ¢ De in R_(L)w (¢cDe = 6,24), R(i)w (¢ De = 26) and R](‘l3o)w— vort (¢ De =
5) at k = 50. All trajectories start at the same point. Panel (a) is the same as panel (b) (showing complete
particle trajectory) but zoomed near the vorticity axis (p3 = 1). The grey surface is the unit sphere, i.e. the

orientation space.

the eigenvalues are

A vort = 2¢Defic® — 1/k\J4c2De? [k — 1, Ap.pore = 2¢ De/k* + 1/ic\/4c2De? [k? — 1,

(5.8a,b)
with the corresponding eigenvectors
V1,vort = [/ll,vort 11, V2 vort = [1 /12,vart]- (5.9a,b)

The fixed point at the vorticity axis undergoes a Hopf bifurcation at ¢ De = 0 and is
unstable for all finite ¢ De. The vorticity axis is a centre (imaginary eigenvalues) when
¢ De = 0. In the presence of viscoelasticity, ¢ De # 0, it becomes a hyperbolic fixed point
(eigenvalues with non-zero real part). Therefore, the linear stability analysis provides
qualitative insight into the effect of viscoelasticity on the behaviour of fibre orientation
governed by the full nonlinear equation (4.46) near the vorticity axis when ¢ De # 0. This
follows from the Hartman—Grobman theorem (see Guckenheimer & Holmes 2013), which
guarantees the homeomorphism between the linearized and full nonlinear system near
hyperbolic fixed points, while also preserving the time parametrization. The instability
of the vorticity axis arises from the polymer conformation driven by the force doublet
and O(1/k?) Stokeslet discussed in §4.1. When 0 < ¢De < /2 a small perturbation
leads to a particle departing the vorticity axis in a spiral fashion (as the vorticity fixed
point is an unstable spiral). However, for ¢ De > k /2 a particle departs the vorticity axis
monotonically (as the vorticity fixed point is an unstable fixed point).

The linear stability analysis is confirmed by the full numerical integration of (4.46) for
k = 50at ¢ De = 24 (also for ¢ De = 5 and 6) versus ¢ De = 26 in figure 4(a) zoomed near

the vorticity axis. At k = 50, ¢ De = 26 is a point in RJEIZO)W ¢ De = 24 and 6 are points in

RJ%)W and ¢ De = 5 is a point in R](fti)w— vore 1N R;zi)w the particle drifts out of the vorticity

axis monotonically, and in the rest, it spirals out. We will discuss the dynamical system’s
features of figure 4(b) in more detail later in § 5.4.1 where we will find the unstable spiral
at the vorticity axes to be surrounded by a stable limit cycle up to a cut-off ¢ De. Hence,
the Hopf bifurcation occurring at ¢ De = 0 at the vorticity axis is supercritical (Strogatz

2018). In R;fo)w_v ort (¢ De =5), the particle starting very close to the vorticity axis spirals
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outwards into the stable limit cycle, where it then moves periodically around the vorticity
axis. The limit cycle does not exist in R;zlo)w and R](‘lzo)w’ so that, after the particle either
spirals or monotonically drifts out of the vorticity axis, it ends up in the flow aligned state
as it approaches the stable fixed point (:tf)g}l ) near the flow direction in the FGP for
c¢De = 6, 24 and 25.

The identification of the stable limit cycle near the vorticity axis is made possible by
including the flow generated by force dipoles per unit length (flow from Cox (1971)) along
the fibre in addition to the flow generated by the force per unit length (flow from Batchelor
(1970)). If this dipole-generated flow is neglected from our theory the stable limit cycle
will not be predicted and instead when the theory predicts particle to be repelled from the
FGP it will approach the vorticity axis. A previous slender body theory for a second-order
fluid by Férec et al. (2021), relying on only the flow generated by the force per unit
length, predicts the fibre to align with the vorticity axis. When the axis of symmetry
of an axisymmetric slender fibre is aligned in the flow—vorticity plane of the imposed
flow no force per unit length is exerted by the fluid (Newtonian or polymeric). This is
because in the flow—vorticity-aligned state the imposed flow has no variation along the
fibre axis. However, according to (29) and (35) of Férec et al. (2021) when a fibre is in the
flow—vorticity plane, the force per unit length is non-zero and proportional to the polymer
relaxation time. This implies an error in the expression for the tension force in (29) of
Férec et al. (2021).

Figure 3(a) of Wang, Yu & Lin (2019) clearly shows that a x = 4.0 spheroid started away
from the vorticity axis in a plane Couette flow at De = 0.1 reaches a closed orbit around
the vorticity axis, instead of approaching the axis. Figures 2(a) and 2(b) of d’Avino et al.
(2014) at De = 1.0 and 2.0, respectively, for a k = 4.0 spheroid in an unbounded simple
shear flow show drift towards the vorticity axis, but do not show the particle approaching
the axis. Although these studies were conducted at high polymer concentration, ¢, and
small «, outside the formal range of validity of our theory, they indicate the possibility
of a stable limit cycle around the vorticity axis. Furthermore, in the second-order fluid
regime with De = 0.1, careful observation of figure 8(a) of the theoretical investigation of
Wang, Tai & Narsimhan (2020) shows a ¥ = 3.0 spheroid approaching a stable limit cycle,
instead of reaching the vorticity axis of an unbounded parabolic slit flow (u = 1 — y?).
Lastly, while the boundary element formulation aided study of Phan-Thien & Fan (2002)
in an Oldroyd-B fluid shows the k¥ = 2.0 particle drifting towards the vorticity axis, the
simulation (see figures 7 and 8 of their paper) stops before we can conclude if it will
approach the axis or a stable limit cycle.

5.3. Effect of viscoelasticity near the FGP and flow direction

We described the effect of viscoelasticity on the particle’s motion near the flow direction
within the FGP in § 5.1. Here, we consider the particle motion near (but not exactly on)
the FGP. The analysis of § 5.1 for the p (gradient) direction is valid even outside the FGP.
Near the flow direction, p; =~ 1, the orientation dynamics and solution in the p, direction
are given by (5.2) and (5.3). The orientation dynamics in the p3 (vorticity) direction for
p1 ~ 11is governed by the simplified equation (from (4.46))

. 4 P2 157%De
D3 = —pap3 +cDep3 | ——

0(p3). 5.10
2 T Blog(2c) — 12372 +5De> +0(p3) (5.10)
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Figure 5. Phase portraits of (5.2) and (5.10) in the b> > 0 regime in the gradient (py)—vorticity (p3) plane with

¢ >0(a)and ¢ < 0 (b). When b*> > 0 and ¢ > 0, i.e. in (@) representing R,(Jlo),, close to the flow gradient plane
(p3 = 0), the p3 component of the phase velocity changes sign from negative to positive along with an increase
in magnitude downstream of the p» = 0 plane indicating a departure of a particle from the flow gradient plane
at a rate higher than it approaches the plane. However, when % > 0 and ¢ < 0, i.e. in (b) representing R},L)qu ort
the p3 component of the phase velocity is negative for all p, indicating an approach towards the flow gradient
plane. Since p, never approaches zero on the flow gradient plane for 5> > 0 it is an unstable and stable limit
cycle for Rf,i,),., (¢ > 0,a)and R

‘flow—vort

(¢ < 0, b), respectively.

Its closed form solution is
p3 = Cexp(cDeg (t — t9)) cos((t — tg)b) ~ ' TePev/Blog) =12 (5.11)
where b? is given in (5.4), and

1572 De 1 y 4

__omde . __ D ~ 2 (512ap
V=3 rme ST aoezo —6 Poaiogae —ep k2 01

When b is real-valued, i.e. b* > 0 (5.4), there are no fixed points on the FGP. Thus,
the particle undergoes periodic motion in the FGP, as discussed in § 5.1. For a particle
perturbed slightly away from the FGP, from (5.11) we note that the sign of ¢ determines
whether the particle will be attracted to or repelled from the FGP (p3 = 0). Here ¢ > 0

represents the region Rglo),, where the particle spirals away from the FGP and ¢ < 0

represents the region Rj(cll))w—v or¢ Where the particle spirals into the FGP and continues

tumbling within the plane (albeit with a larger orbit period 27 /b than in Newtonian case).
In the b> > 0 regime, the phase portrait of the dynamical system of (4.46) (through the
simplified equations (5.2) and (5.10)) projected in the po—p3 plane near p; = 1 is shown in
figure 5 for ¢ > 0 and ¢ < 0. The phase flow in the pp—p3 plane in the case of a Newtonian

fluid (c De = 0) is similar to that in the region RS(}” (figure 5a), but it is symmetric about
p2 = 0 (not shown). Therefore, a particle in a Newtonian fluid continues in a particular
(periodic) Jeffery orbit before and after p, = 0. At small but finite ¢ De, i.e. in the region

Rf)lo),t, represented figure 5(a), this symmetry about p» = 0 is broken and a particle comes

out of the po = 0 plane with a larger p3 velocity than it enters the plane. This explains

the drift towards the vorticity axis (greater p3). In the region R]Ello)w_v ore TEPresented by

figure 5(b) we can observe that the phase flow points towards p3 = 0, indicating migration

of a particle towards the FGP. The FGP is a stable limit cycle in RJEIL)W_ vore @nd an unstable
¢))

limit cycle in Ry, ;.
1))

The numerically integrated trajectories for parameters chosen in Rf,(m and Rf(llo)w_ vort

¢ = 0.005 are shown in figures 6 and 7, respectively. The prediction of the spiral exit of
the orientation trajectories from the FGP in Rl(jlo),, and the spiral approach towards it in
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Figure 6. In R,(Jlo),[ (shown here for ¢ =0.005, « =50, cDe = 0.01), trajectories starting near the FGP
(exemplified here with the blue trajectory) spiral out of the plane. Globally they approach the same stable
limit cycle as the trajectories starting near the vorticity axis (exemplified here with the orange trajectory). The
blue trajectory starting near the flow direction spans a larger portion of phase space in pa, but we show the
region close to the flow—vorticity plane to highlight the limit cycle.

| Stable limit cycle |

Unstable
limit cycle

1.0 -
o
)
2
§ 0.5 -
b=
>° o~
0. 10
Stable |
limit cycle
Gradient, p,
Figure 7. In R;llu)w_v ore (shown here for ¢ = 0.005, k = 10, ¢ De = 0.48), trajectories of particle orientation

starting near the FGP (blue) spiral into the plane. Globally they emanate from an unstable limit cycle — the
boundary between blue and green trajectories (that are started very close to each other in this numerical
integration). There is a stable limit cycle above this unstable limit cycle at the boundary between green and
orange trajectories.

R;IL)W_U or; mentioned above is confirmed from these figures. The spiralling rate in R,gla),,
increases with ¢ De and « (not shown).

As b? is reduced by increasing ¢ De or «k, the time period, 2m/b, increases. The
effect of viscoelasticity (increasing c¢ De) to increase the time period is consistent with
the experimental observations of Gauthier et al. (1971) and Bartram et al. (1975).

As mentioned earlier in §5.1, when % =0, due to an infinite period bifurcation
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(Strogatz 2018) two fixed points emerge on the FGP, and we discuss the trajectories off
the FGP in the b?> < 0 regime next.

5.3.1. Monotonic behaviour near FGP: b* < 0

Equation (5.2) has two fixed points at pg}low and pg}lgw from (5.5a,b) (or their more
accurate values in (5.6)). For the dynamical system in the p;—p3 plane near the flow
direction, defined by the system of (5.2) and (5.10), these fixed points are [ pg}l o 0] and

[ pgﬁgw, 0]. The eigenvectors at each of the fixed points are the same, i.e.
Vifow =1[1 O, 240w =100 1]. (5.13a,b)

9= and 2%~ . where

The corresponding eigenvalues at [ pgﬁow, 0] and [ pg}l;w’ 0] are /lt,ﬂow i flow”

iell,2],
Ay = =2V =02, A5, = tcDe — (¢ +4/k)(4log(26) — 6)y/—b2,

(5.14)
Aoy =2V=02 A5 = teDe + (¢ +4/k?) (@ log(2k) — 6)v/ b2,

Both the fixed points are hyperbolic in the > < 0 regime. Thus, similar to the fixed
point at the vorticity axis using the Hartman—Grobman theorem, the linear stability of the
fixed points allows qualitative insight into the complete nonlinear behaviour of particle

orientation. Both eigenvalues of both the fixed points are real in the b*> < 0 regime. The

first eigenvalues (/l(l)}l()w and ﬂ?,ﬂow) of both the fixed points do not change sign in the
b* < 0 regime, i.e. /1(1);1 o < 0 and ﬂ?}lgw > (. But, the second eigenvalues (/l(l);‘low and
/1(1)}1; ), that are initially positive in the b> < 0 regime, become negative at different
parameter (¢, De and k) values. Here /I(Z)EIW becomes negative first. /lg;‘low =0 is the
bifurcation boundary where [ pg;l o 0] changes from a saddle point (stable manifold along
gradient direction and unstable along vorticity) to a stable fixed point. Here /lg}lgw =0is

the bifurcation boundary where [ pg}lgw, 0] changes from an unstable node to a saddle

point (stable manifold along vorticity direction and unstable along gradient). Therefore,
three new regimes arise within the b> < 0 region that are labelled in figure 2 as (1)

2 - — 2 - ——
Riore (A0, > 0 and A) > 0), () R, (A, <0 and ) > 0) and (3)
R]Eli)w—v ort T Reow (/1(1)}1 o < 0 and /l(l)}l;w < 0). The phase flow close to the fixed points

in the gradient—vorticity plane for these three cases is shown in figure 8. We can observe
the phase flow approaching [ pg;l o 0] and leaving [ P(z),}l;w’ 0] along the gradient direction
(p2) for all three cases. This implies that a particle with an initial orientation close to
the FGP will approach the flow direction (specifically the fixed point [ pg}l ow» 01) while

slowing down. For the parameters within Rf,zo),,, the particle will then monotonically drift
away from the FGP. This is similar to the experimental observation of Bartram et al. (1975)
discussed in § 1. For a given « and c, at larger ¢ De than R,(f,),t, within the regions RJ%)w— vort

and R}li)w_ vore» the particle starting near the FGP (and for all starting orientations in Ryp,,)

achieves a stable orientation near the flow direction, similar to the experiments of Iso et al.
(1996a).
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Figure 8. Phase portraits of the system of (5.2) and (5.10) in the b*> < 0 regime. In this regime, two fixed points
exist on the FGP (p3 = 0) close to the flow direction. Both the fixed points are downstream of the flow—vorticity
plane (p> = 0). An unstable (red marker) and a saddle (green marker) node with its unstable manifold along
the p3 axis in (a) (R,E,i),.[) indicates a monotonic drift of the particle away from the flow gradient plane. A stable

fixed point (blue marker) near the flow direction (p2 = 0, p3 = 0) in (b) (Rf%v vor) @nd (¢) (R ow vorr) PANEls
indicate that particles with starting orientation near the FGP may align near the flow direction. The presence

RO

‘flow—vort

(c) in addition to the stable point in these cases indicates a lower proportion of
R? than in R

‘flow—vort ‘flow—vort*

2) -
Rfl(m vort® /12ﬂow

of an unstable point in (b) instead of a saddle point with its stable manifold perpendicular to the flow

gradient plane in Rﬂow vort

trajectories leading to flow alignment in

The locations of fixed points corresponding to [7(2)}1 o and ﬁg}l;w in the orientation space

are [ /1 (p2 ﬂow) + ﬁg}low 0] and [:I:1 /1 — (ﬁg_ﬂgw)z + ﬁg}l;w O]. These locations

match the corresponding fixed points in the numerically integrated trajectories in Rwr,,
R? and, RS + Rjiow shown in the plots of figures 9, 10 and 11, respectively.

flow—vort® flow—vort

We mark the analytical locations of these fixed points with two different coloured
markers on the FGP (p3 = 0) in figures 9, 10 and 11 and show the nearby trajectories
to approach/leave these locations in the fashion described by the linear stability theory
discussed above.

Numerical integration of the governing equation shown in figure 9 confirms the
existence of the stable fixed point and unstable node predicted by linear stability analysis.
In agreement with the p2 — p3 phase plane analysis above, the particle starting near the

flow gradient plane in Rv,,,, approaches the flow direction. It then monotonically departs

the FGP along the flow—vorticity plane. The primary difference between Rf,l,,),, and Rf,%,),,
is that the particle leaves the FGP spirally in the former (figure 6) and monotonically
in the latter (figure 9). As mentioned earlier, these trajectories are reminiscent of that
in the experimental observations of Bartram et al. (1975). We can only make qualitative
comparisons with Bartram ef al. (1975) due to unknown non-Newtonian properties of their
viscoelastic fluid. Furthermore, the velocity field around the k = 9.1 particles used in their
experiments is likely to have a quantitative difference from the SBT approximations used
in our theory.

In R}
flow—vort®
presence of stable and unstable nodes in the FGP at the locations predicted by the linear

stability analysis. Similarly, the existence of a stable node close to the flow direction and a
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Figure 9. In Rf,%,),[ (shown here for ¢ = 0.005, x =50, cDe = 0.3), a particle’s orientation trajectories
approach the stable limit cycle around and near the vorticity axis. In contrast to R,()lo),, (figure 6) where the
trajectories spiral away from the FGP, here they leave the FGP monotonically. We show the region close to
the flow—vorticity plane as this is where the different attractors lie. The grey surface is the unit sphere, i.e. the

orientation space.

[ Stable node @ ___I[Limit cycle i
Unstable node @ = )

1.0 1| Saddle point ®
o
=
= o
25 0.5 . g
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§ i r"’f-.-\
el
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Figure 10. In Rj(qik_vm (shown here for ¢ =0.005, k =100 and c¢De = 0.9) a particle’s orientation

trajectories that start close to the FGP (solid lines) approach the flow direction either on the same or the
opposite side of the gradient—vorticity plane. Trajectories farther away from the FGP (dashed lines) approach
the stable limit cycle near the vorticity axis. Due to a saddle and stable node close to each other on the FGP
and a stable limit cycle near the vorticity axis, another saddle node emerges on the faster eigendirection of the
stable node. The grey surface is the unit sphere, i.e. the orientation space.

saddle point farther away on the FGP is confirmed from the numerical integration shown in
figure 11 for the parameters chosen in Rffo)wiv org- I R](cli)wiv ory aNd R;li)wiv oy the trajectories
starting close to the FGP approach a stable orientation near the flow direction (stable fixed
point at pg;‘low)‘
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Figure 11. In RY

‘flow—vort

(shown here for ¢ = 0.005, « = 100 and ¢ De = 1.2) the behaviour of a particle’s

orientation trajectories is similar to that in R® shown in figure 10. The primary difference between

flow—vort
Rf%)ww ore and R;,?w_v ore 18 that, in the former, the fixed point on the FGP farther from the flow direction

is an unstable fixed point (figure 10), while it is a saddle node in the latter (shown here). Additionally, in
(3)
R

‘flow—vort>
flow—vorticity plane. Trajectories with solid lines end up at one of the fixed points near the flow direction, and
those with dashed lines end in the stable limit cycle near the vorticity axis.

there is an unstable node at the intersection of the stable manifold of the saddle points in FGP and

5.4. Global particle orientation dynamics

In § 5.1 we analysed the equations for the rotational motion of a particle at the vorticity
axis and within the FGP. We found that viscoelasticity does not lead to a non-zero p at
the vorticity axis and it does not change the log-rolling rotational velocity. In the FGP,
we observed that a small amount of viscoelasticity (small ¢ De) leads to a larger orbit
time period. Further increasing ¢ De leads to an infinite period bifurcation and birth of
two fixed points, thereby leading to particle migration towards the flow direction when in
the FGP. In § 5.2, by linearizing the governing equation at the vorticity axis, we showed
that the vorticity axis is an unstable spiral for ¢ De < k. For ¢ De > «k, it is an unstable
node. Therefore, a small perturbation of the particle orientation from the vorticity axis
leads to departure from the axis. This was corroborated by the orientation trajectories
obtained by numerical integration of the system of governing equations. By analysing
the system and its fixed points (when they exist) near the flow direction in the FGP and
performing numerical integration of the trajectories starting near but not on the FGP in
§ 5.3, we determined the orientational dynamics in the region nearby the flow gradient
plane. The particle either spirals away from or towards the FGP when there are no fixed
points in FGP. When the fixed points in FGP arise, the one closer to the flow direction
is either a saddle point (with its stable manifold in the FGP) or a stable node. Therefore,
the particle first migrates towards the flow direction nearly parallel to the FGP. Then it
may either settle near the flow direction or monotonically drift away from the FGP along
the flow—vorticity plane. The boundaries in the ¢ De — k space separating these different
qualitative behaviours were shown in figure 2 for ¢ = 0.005. The qualitative nature of these
boundaries is not sensitive to the exact value of c. As we observed in figures 6, 7, 9, 10 and
11, there are other invariant features (stable limit cycle, unstable limit cycle, saddle point,
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and unstable node) that arise in the orientation space off the FGP and the vorticity axis.
These features may be viewed as a result of the orientation space being restricted to a unit
sphere.

In Rf,lo)r, (figure 2), which extends to arbitrarily small (but finite) viscoelasticity (small
¢ De), the vorticity axis is a spiral source, and the FGP is an unstable limit cycle. Therefore,
at least one stable attractor must exist between these two regions on the unit sphere. In the
case of a Newtonian fluid, the particle follows an initial-condition-dependent Jeffery orbit,
i.e. one of a concatenation of neutrally stable periodic orbits centred at the vorticity axis.
Therefore, at small (but finite) ¢ De the simplest change in phase-plane dynamics leads to
a stable limit cycle around and near one of these limit cycles, as shown in figure 6. As
shown by linear stability analysis at the vorticity direction in § 5.2 the rate of deviation of
trajectories away from the vorticity axis is driven by the O(1/«k?) flow generated by the

force doublet and O(1/«k?) Stokeslet. Thus, a slender particle starting at any orientation

between the vorticity axis and the FGP leads to a final orientation behaviour where the
particle undergoes periodic motion very close to and around the vorticity axis.

In R;l]o)w_ vors (figure 2), the FGP changes from being an unstable to a stable limit cycle.
Therefore, an unstable invariant object or a repeller in the form of an unstable limit cycle

exists between the stable limit cycle near the vorticity direction and the FGP, as shown

in figure 7. Thus, in R}l]o)w_v ore» @ Particle with an initial orientation between the unstable

limit cycle and FGP spirals to the FGP, where it undergoes a tumbling motion. A particle
with an initial orientation between the unstable limit cycle above the FGP and the stable
limit cycle near the vorticity axis spirals towards the stable limit cycle near the vorticity
axis. A particle released at an arbitrarily small (but finite) angle from the vorticity axis
spirals outwards. In both these cases, eventually, the particle undergoes perpetual periodic
motion on the stable limit cycle close to the vorticity axis.

In R,()ZO),, (figure 2), the FGP contains two fixed points as shown in figure 9. One is an
unstable node, and the other is a saddle point with its unstable manifold perpendicular
to the FGP. Thus, no other invariant feature (attractor or repeller) is needed between the
FGP and the stable limit cycle near the vorticity axis, which is the only stable invariant
object on the orientation space. Hence a particle starting at an arbitrarily small angle from
the vorticity axis or the FGP ends up in a periodic motion very close to the vorticity
axis.

() p2)

Similar to Ry, Ry, and R

flow—vort discussed above, there is a stable limit cycle

around the vorticity axis in R}i)wiv oy and R](cfo)wiv o~ Lherefore, a particle with an initial
orientation arbitrarily close to the vorticity direction (but not on the vorticity axis)

eventually undergoes a periodic motion around the vorticity axis. This stable limit cycle
exists for all regions except for R and R(Zo) and it will be further analysed in § 5.4.1.

ow w

In R](clzn)w_ vore (figure 2) the fixed point in the FGP closest to the flow direction is a stable
node and the other fixed point in the FGP is an unstable node as shown in figure 10.
Hence, a saddle node exists near the flow—vorticity plane to repel the particle orientation
trajectories towards the stable limit cycle near the vorticity axis on one side and the
stable fixed point near the flow direction on the FGP on the other. This saddle point
receives trajectories emanating from the unstable point on the FGP. Thus, depending
upon the initial orientation of the particle, it may eventually either obtain a stable
orientation near the flow direction or undergo a periodic motion close to the vorticity
axis.
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The dynamics in R;El?;)w— vort

fixed point in the FGP in R

flow—vort

(figure 2) are similar to those in R}lzo)w_ vor» DUL the unstable

RO

flow—vort with no

changes to a saddle node in

qualitative change to the other invariant objects present in R}lzo)w_v ot~ Lherefore, to allow

smooth and continuous phase flow, an unstable node occurs at the intersection of the saddle
points in the FGP and near the flow—vorticity plane, as shown in figure 11. At a given «,

the value of ¢ De in R](CISO)W_U o 18 larger than that in R](CIZO)W_U o (figure 2) and the separation
between two fixed points increases with increasing ¢ De as shown by figure 3. Due to this

increased separation and the unstable node above the flow gradient plane, more of the
phase flow is directed towards the FGP in RY than in R Thus, the basin

flow—vort flow—vort*

of attraction for the stable fixed point near the flow direction is larger in RY as

‘flow—vort

In other words, more of the initial particle orientations lead

to a stable final orientation near the flow direction in the Rj(;li)w_v or¢ than in RJ%)W_U ort
as observed by comparing the proportion of solid lines in figures 10 and 11. When the
stable limit cycle near the vorticity axis exists, the saddle point on the flow—vorticity
plane is important in determining the proportions of initial orientations leading to the
flow alignment and towards the periodic motion around the vorticity axis. Its location will
be further analysed in § 5.4.2.

The cDeICL,;’;_’i)’ff boundary in figure 2, beyond which the stable limit cycle near the
vorticity direction does not exist, may be viewed as arising due to the interaction between
the saddle node near the flow—vorticity plane and the stable limit cycle near the vorticity
direction as these move in the orientation space upon increasing ¢ De. We will discuss this
in §5.4.3.

compared with R]%)W_U ort

5.4.1. Stable limit cycle around the vorticity axis

The previous study of Leal (1975) concerning a slender particle in simple shear flow of
a second-order fluid predicts that viscoelasticity (although incorrect in attributing it to
the second instead of the first normal stress difference) drives the particle orientation
towards the vorticity axis. Leal (1975) only considered the Stokeslet fluid flow (of order
O(1/log(k)) and O(1 /log(/c)z)) from the slender body theory. This velocity field is
proportional to p> and hence has no effect when the particle is in the flow—vorticity plane.
However, our study shows that a stable limit cycle exists around the vorticity axis due
to the competition between polymer-driven torque arising from the doublet flow causing
the particle to spiral away from the vorticity axis and that from the Stokeslet flow at
O(1/log(k)) causing it move towards the region around vorticity.

The real part of the eigenvalues of the fixed point at the vorticity axis in R,(jlo)n is 2c De /2
(5.8a,b), and the rate at which trajectories leave the FGP is ¢ De¢ (5.11). Figure 12 shows

the variation of 2c De/k? and ¢ De¢ with « for a few values of ¢ De at ¢ = 0.005. From this
figure, we conclude that for k 2 15, trajectories leave the flow gradient plane much faster
than the outward spiralling rate from the vorticity axis. Hence, the stable limit cycle shifts
closer to the vorticity axis as k increases. Furthermore, as k increases beyond « =~ 20,
¢ De¢ remains almost constant while the rate of spiralling from the vorticity axis, k2,
decreases. Therefore, the stable limit cycle approaches the vorticity axes at larger «.

We quantify the location of the limit cycle observed in the numerical integration of
(4.46). For this purpose we transform this equation into the C — t coordinate system (Leal
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104 2¢ Delk?

10! 102
K

Figure 12. The variation with « of the rate of deviation of orientation trajectories away from the vorticity axis,
2¢ De/k? (orange), and the flow gradient plane, ¢ De¢ (black), in R,(Jlo),, (b? > 0) for a few values of ¢ De at
¢ = 0.005. On each curve, b*> > 0 is to the left of the solid markers. An increasing gap between orange and
black curves, with almost horizontal black curves, with « indicates a larger increase in the departure rate of the
orientation trajectories from the flow gradient plane than that from the vorticity axis, implying a shift of the
stable limit cycle closer to the vorticity axis.

& Hinch 1971), using

2 2 2
VP +pi/K
c=y2 " P (5.15a.b)

p3 P
to obtain

dc 5 (4(1+C?) C 5 4

< _¢p . DeO(pY), (516

ar ( Gt @log(n) — B2+ 1) )P T ePeOp). (516)
9 1 eDerp? N LT + O(cDe) (5.17)
—_— = cpret cpre). .
dr P2\ $10g2c) =3 77 o

In the Newtonian limit, dC/dt = 0 and the particle trajectory is determined by its initial
condition C(f) = C(0) = Cy. Each Cy = [0, oc] represents a different Jeffery orbit. Here
C = Orepresents the log-rolling motion, i.e. the particle rotating about its major axis which
is aligned with the vorticity axis, and C = oo represents the major axis rotating within the
FGP. Here 7 = ¢ represents the phase on the Jeffery orbit. A periodic orbit can thus be
ascertained using a single parameter C that repeats periodically. In the range, 10 < k <
200, for ¢ De > 0.01 we evolve the system of equations for an initial condition starting near
the vorticity direction, at C = 10~’. We evolve the equations for each choice of ¢ De and
« until the change in the period-averaged C across 100 successive Jeffery periods is less
than 107>, Finally, we define Crimer ical a5 the average C over the last 100 Jeffery periods.
The CZ?}Z’;’ ical versus ¢ De for a few values of « € [10, 200] is shown in figure 13(a).
Now, CZ’;%?’ ical js smaller than 0.1 for k > 10, decreases with « and varies slightly with
¢ De at each «. For x > 50 E’E’m”ﬁ’ ical s less than 0.01 for a range of ¢ De. Therefore, the
limit cycle is close to the vorticity axis. Beyond a certain value of ¢ De = cDe|§Z’fZﬁ, the

limit cycle does not exist. This marks the boundary between RJ%)W_ vore and R(L)W for a given

976 A9-39


https://doi.org/10.1017/jfm.2023.823

https://doi.org/10.1017/jfm.2023.823 Published online by Cambridge University Press

A. Sharma and D.L. Koch

(@) ‘ ‘ (b) 101
10,1 L k=10 |
k=15

k=20 :
S N I R
§ 10—2 L 4 10,2 L

3 =50

$3 K
ey

M
103 ¢ E —cDe=0.02
. ||—cDe=0.03
K =200 103 1

w15 log (26 — 3)

102 10° 10! 102
cDe K

Figure 13. (a) The location of the stable limit cycle at different ¢ De and « at ¢ = 0.005 (nearly identical
curves are obtained for other polymer concentrations in the range 0.01 < ¢ < 0.2) indicated by the average

Cc=,/ p% + p% /K2 /p3, Crmerical o the limit cycle. Here C = 0 is the vorticity axis and C = oo is the FGP.

Limit

(b) The C‘Zﬁ‘g’;’ fcal o the limit cycle versus « at low ¢ De.

Kk, as shown in figure 2. Now, cDeIf,i’t’fZﬁ increases with « and for 10 < k¥ < 200 we find

¢ De|H™1 2 (0.1056x — 0.5183. (5.18)

cut-off

At larger «, the stable limit cycle is closer to the vorticity axes and exists for a larger range

of ¢ De. Hence, marked as R;llo)w_v ore and R]%)W_v ore I figure 2, there is a sigr.liﬁcant range
of ¢ De at large k where two possible types of orientation dynamics are possible: a steady
state orientation close to the flow direction and a periodic orbit near the vorticity direction.
For « < 20, increasing ¢ De from very small values does not affect the position of the
limit cycle much. However, as ¢ De approaches cDelf;’t”_fo, the limit cycle moves away

from the vorticity axis. For ¥ g 20, the limit cycle moves towards the vorticity axis upon
increasing ¢ De from very small values. However, beyond a given ¢ De, up to cDe|§li’t'fzﬁ
the limit cycle’s angular position is not influenced by ¢ De. These features are reflected
by the trends in C}je" ical in figure 13(a). At low ¢ De, the limit cycle is very close to
one of the degenerate Jeffery orbits of the Newtonian case, i.e. C does not change much
on the limit cycle. The variation of C7"¢rica! with  at low ¢ De = 0.01, 0.02 and 0.03 is

Limit
shown in figure 13(b), where we can observe Cyi"e" ical to scale as k' log(2x — 3) for

10 < « < 100 and approximately « ! for larger «.

We find the particle orientation trajectories approaching this stable limit cycle close to
the vorticity axis instead of spiralling towards the vorticity axis as concluded from the
experiments of Gauthier et al. (1971) and Iso et al. (1996b). Gauthier et al. (1971) claim
the approach towards the vorticity axis by extrapolating the observed data. In some of
the experimental observations of Iso et al. (1996b) at small elasticity after undergoing
initial spiralling, the particle oscillates around the vorticity axis without settling at a
steady orientation. This may indicate the limit cycle discussed above. The theoretical
rate of spiralling away from the vorticity axis (2¢ De/k?) is small (figure 12), and small
imperfections from the Couette cell might have led to secondary flows in the experiments.
Thus, the existence and size of the stable limit cycle around the vorticity axis must be
further tested in future experiments and numerical simulations.
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5.4.2. Saddle node near the flow—vorticity plane in RJE,ZO)W_U ort? R](‘li)w—v ort? RJEZIO)W and R}f;w

From the trajectories of particle orientation in R}fo)w_v ore and R}El:z)w—v o Shown in figures 10

and 11 we find the stable limit cycle around the vorticity axis and the stable node on
the flow gradient plane near the flow axis to be separated by a saddle point. The saddle

point arises on the boundary between Rf,zo),t and R? when the saddle point near

flow—vort
the flow direction on the FGP changes into a stable node. It also arises on the boundary

between R](‘l?w— vor and R}llo)w_ vors When the unstable limit cycle in the FGP vanishes. The
3)
R

saddle point persists in the region when approaching it by increasing ¢ De from

‘flow—vort
R]%)W_v ore- 1N the regions RJEZ?W_U o and R;l?))w—v o> the unstable direction of the saddle

point leads to the limit cycle on one side, and the stable node on the other. Based
on numerical evidence from figures 10 and 11 we assume the saddle point, p,, .. =
[P1.saddle P2.saddle P3.saddle], to approximately lie at the same py coordinate as the stable
node in the flow gradient plane:

0— 0—
P2.saddle = P2 fioy + p/2,saddle’ p,2,saddle < P2 fiow (5.19a.b)
where pg}l o 18 given by (5.5a,b). From ps saddie = 0, we obtain

N —b2¢ De + (410g(2x) — 6)b?

P2, saddle = . (5.20)
¢ De(1 — pi saddie) — ¥ —b*(410g(2k) — 6)
From (4.46), p1 saddie = P3,saddle = 0 is equivalent to
P saddle® | py=p\ sadaie-p3=p3 sadate. = P2,saddle/ (€ De). (5.21)

A general solution to the above equation is intractable, but we can solve it in the limit
of small p1 sudaie or small p3 suqai.. We denote the value of pi sq44i. in the limit of small
P1,saddle a8 P1 saddle and the value of p3 sqqase in the limit of small p3 saaaie as P3, saddie- We
obtain

—8(c De)?f? + 16¢ Def3+/—b?
4c Def <_(CD€)2K2 + 2(c De)fk:/—b2 + 4f2)

— | 4(=3n(c D+ 2¢ Def (8f + 3>V =17 + 127f%)
+ 128¢ Def3 ((c De) — Zf«/—_bZ)z

D1, saddle = , (5.22)

(¢ De) (3n(cDe)2K2 —2(cDe)f (8f n 37[/(2«/—192) - 12nf2)
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Figure 14. The p3 coordinate of the saddle point in the flow—vorticity plane in R}i)wfv ore and Rﬁ)wv ot

(a) Solid lines (the graph of \/ 1 — f)im ddle — p%,m adie from (5.22) and (5.20)) provide the more accurate
p3 location of the saddle point when it is closer to the vorticity axis (p3,sadaie ~ 1) and dashed lines (the
graph of (5.23)) represent the more accurate p3 location of the saddle point when it is closer to the flow axis
(P3.saddie = 0). (b) Most accurate location of the saddle point constructed from (a) using the crossover point
between the solid and dashed lines for each «, i.e. using (5.24).

and
3(c De) (e D) = 2¢ Defy/=b? - 4f2)
972 (c De)? (—(c De)*k? + 2¢ Defi>y/ =17 + 4f2)2
N +%(CD€)3K2 (3n2cDe —2f (31‘[2\/—;]92 + 2))
—l—%cDefz (f (16 - 64cDe\/_72) +c¢De (g,@ 02— 12”2))
(372 Dok = 2¢ Def (16f + 3w%2/=b7) — 42 (16fy/ =17 + 37%) )
D3, saddle = —

2 (%TZCD@ ((CD€)2K2 — 2¢ Defr2y/ —b? — 4f2) — 8¢ Def? ((cDe) + 2fv/ —b2>)
(5.23)

where f =2log(2«) —3 and ~/—b? is in (5.12a,b). The variation of p3 sqaqe and
\/1 — f)imddle —p%’mddle with ¢ De for a few « is shown in figure 14(a). From either of

these approximations, we find that the saddle point moves closer to the vorticity axis as
¢ De is increased or « is reduced. Both approximations yield a similar location for the
saddle point. The best approximation for the location of the saddle point for any ¢ De and

K418 Psaadie = P1,saddle P2,saddle P3,saddie], Where

~ ~2 2 . ~ ~
P1,saddle = P1,saddles  P3,saddle = \/1 = P1 saddle — P2, saddle’ if |P1 saddle] < |P3,saddlel

’

2 =2 - o -
Pl saddle = \/1 = P2 saddle — P3,saddle>  P3.saddle = P3,saddle, if D1 saddle| > D3 saddle)

(5.24)

and py is from (5.20). We show this saddle point’s more accurate location of p3 in
figure 14(b). The location of this analytically predicted saddle point, shown with a green
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Figure 15. Trajectories at large ¢ De for k = 20 in RS R and R;[i)w zoomed near the flow—vorticity

flow—vort> “*flow
plane. At very large ¢ De (corresponding to regions R(la)w and R},i)w), the stable limit cycle does not exist around

the vorticity axis and a particle starting anywhere apart from vorticity axis ends up being nearly flow aligned.

marker in figures 10, 11 and 15, agrees well with that inferred from the of numerically
integrated trajectories.
InR? and RS the unstable manifold of this saddle point leads to two stable

flow—vort flow—vort>
attractors, i.e. either a limit cycle near the vorticity axis or a stable node near the flow
direction. Therefore, the location of the saddle point partially dictates the relative sizes of
the basins of attraction of these stable attractors. As ¢ De increases, due to the changing
location of the saddle point, p, ... the particle is more likely to attain a final orientation
towards the flow axis as compared with approaching the limit cycle around the vorticity

axis (see figure 14 and compare the proportion of the solid lines in 10 and 11). The saddle
point also persists in the large ¢ De regions R(IO)W and R(i)w as shown in the different plots
in figure 15.

5.4.3. The Rj%)w and R}lzo) 2 very large ¢ De guarantees flow alignment

w
In § 5.4.1, we found that for « % 20, the stable limit cycle moves closer to the vorticity axis
upon increasing ¢ De. The saddle point near the flow—vorticity plane that exists in regions

shown in figure 2 with ¢ De equal and larger than that in Rj(izo)w_v or¢ 8180 moves towards the

vorticity axis upon increasing ¢ De as discussed in § 5.4.2. The saddle point moves towards
the vorticity axis faster than the limit cycle. Beyond a «-dependent value of ¢ De, when
the saddle point is too close to the limit cycle, the latter ceases to exist, making the stable
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fixed point near the flow direction the only stable attractor. This boundary is marked as
cDeIé‘l’;fof in figure 2. This implies that a particle with any initial orientation other than
the vorticity axis ends up being aligned near the flow direction. Plots corresponding to
cDe = 1.2 and 1.8 for k = 20 in figure 15 show the vanishing of the stable limit cycle

near the vorticity axis upon going from RY to R(lo)w. For cDe = 1.2 (R(3) ) the

flow—vort flow—vort

saddle point is just outside the limit cycle, whereas for ¢ De = 1.8 (R(]())W), corresponding

to a location close to the R;z?w—u ort = J%)W boundary, the limit cycle does not exist and
instead the stable manifolds of the saddle point originate from the unstable spiral at the

vorticity axis. The unstable manifold of the saddle point leads to the stable node near the
flow direction. The saddle point persists for larger ¢ De in Rj%)w and also R](CIZO)W as show
by the ¢ De = 4 and 12 plots at k = 20, respectively, in figure 15. As also discussed in
§5.2 (figure 4a) in R;,i)w a particle leaving the vorticity axis changes from spiralling
to monotonic trajectories as the vorticity axis changes from an unstable spiral to an

unstable node when going from R](Cllo)w to R;ZZO)W From figure 15(c) (¢ De = 4 at k = 20)

and figure 15(d) (¢ De = 12 at k¥ = 20), the proximity of the saddle point to the vorticity
axis can also explain the breakdown of spiral motion near the vorticity axis in R(%})W.

6. Conclusion

Using a regular perturbation expansion in polymer concentration, c, the balance of torques
on the particle surface at each order in ¢, and the velocity field generated by a slender
prolate spheroid (obtained from the slender body theories of Batchelor (1970) and Cox
(1971)), we develop a theory to characterize the orientation dynamics of a freely rotating
(torque-free) particle in simple shear flow of a viscoelastic fluid with small polymer
concentration, ¢, and an arbitrary polymer relaxation time in the absence of inertia. This
theory predicts a wide variety of orientation behaviours that are qualitatively similar to
previous experimental observations of Gauthier et al. (1971), Bartram et al. (1975), and
Iso et al. (1996a,b).

In the absence of inertia, for a viscoelastic fluid, where the fluid stress is a sum of
the solvent and the polymer or non-Newtonian stress, the momentum equation can be
decomposed into a Newtonian and a non-Newtonian part. The Newtonian part comprises
the particle’s motion in a Newtonian fluid undergoing the imposed flow and leads to
the Newtonian stress field. The non-Newtonian part has zero velocity at the boundaries
and comprises the balance of the divergence of the polymer-induced solvent stress and
the divergence of the polymer stress. Thus, three physically distinct stress mechanisms
impacting the particle surface are the elastic or polymer stress, the polymer-induced
solvent stress, and the Newtonian stress. The decomposition of torques in this way can
be useful in obtaining further insights into the particle motion in a viscoelastic or a
non-Newtonian fluid where the fluid stress can be decomposed into a Newtonian and
a non-Newtonian part. In addition to the non-Newtonian momentum equation, different
stress components are coupled with the torque-free boundary condition and the polymer
constitutive equation. The balance of torques generated by the three stresses leads to the
appropriate angular velocity to allow torque-free particle motion. The boundary conditions
for the motion of the particle and the imposed flow are contained in the Newtonian
part of the momentum equation. Hence, the torque generated from the corresponding
stress is termed the MIST. The polymer constitutive equation is driven by the sum
of the velocity field from the Newtonian and non-Newtonian momentum components.
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The elastic torque is a function of the polymer stress on the particle surface. By definition,
the PIST is the antisymmetric first moment of the polymer-induced solvent stress over the
particle surface. However, using a generalized reciprocal theorem and the non-Newtonian
momentum equation, we can express the PIST directly as a volume integral of the polymer
stress.

Using a regular perturbation in the polymer concentration, ¢, we obtain the equations
for particle’s orientation dynamics in a small ¢ viscoelastic fluid subjected to a simple
shear flow. At O(1), the elastic and the polymer-induced solvent stress are zero. Thus, the
particle orientation dynamics are the same as that in the simple shear flow of a Newtonian
fluid, i.e. the particle undergoes Jeffery rotations. At O(c), all three mechanisms mentioned
above lead to a finite torque. The O(c) Newtonian stress is that on a particle rotating (at
O(c) velocity) in a quiescent Newtonian fluid. Therefore, the O(c) rotation rate is the one
that generates enough O(c) MIST to balance the PIST and the elastic torque. The total O(c)

rotation rate may be decomposed as the sum of pglzlm . and pﬁ},gT, i.e. the O(c) elastic and

PIST generated rotation rates. The leading-order velocity field is taken from the slender
body theory of Batchelor (1970) and Cox (1971), and this drives the O(c) polymer stress.
As both the elastic torque and the PIST can be expressed as a function of the polymer
stress, the O(c) rotation rate of the particle is obtained from the analytical velocity field
from the slender body theory.

The polymer relaxation time (A1) is non-dimensionalized with the shear rate (y) to yield

Deborah number, De(= Ay) (¢ = 0 or De = 0 implies a Newtonian fluid). We find pglzlm »

to be independent of De and initially consider ng)ST, separately in the low and high De

limits. In the low De limit, pglim . and 0(De%) ng)ST are the rotation rates due to the

additional torque from the rate of strain and fluid pressure, respectively, of the Newtonian
(1

Elastic
the O(De®) contribution to pﬁ},)ST is identical to the rotation due to the Newtonian torque.
Since the Newtonian torque is already balanced to be zero at the leading order in c, the
first viscoelastic effect on the rotation rate for De < 1 arises at O(c De) and is entirely

fluid with an additional viscosity c. Therefore, in the low De limit, the sum of p and

from the polymer-induced solvent stress. In the high De limit, ng)ST ~ O(De) and is hence

O(De) larger than pglfm. .- Therefore, the particle-induced polymer stress is the primary
agent changing the particle dynamics in both the low and high De limits. By interpolating
the rotation rate in De between the large and small (up to O(De)) De limits, we obtain
a uniformly valid equation for the particle orientation. We analyse the effect of particle
aspect ratio, k and viscoelastic fluid parameters, polymer concentration (c), and relaxation
rate (De) on this equation valid for any De.

Depending upon ¢ De and particle aspect ratio (k), several qualitatively different
particle orientation behaviours are possible. At constant ¢ De, ¢ affects the behaviour
only quantitatively. In a Newtonian fluid (¢ De = 0), a particle undergoes periodic motion
on an initial-condition-dependent Jeffery orbit around the vorticity axis. As expected
from symmetry, the vorticity axis and the FGP remain invariant within the orientational
space (unit sphere). Viscoelasticity (for all ¢ De and «) does not affect the rotation rate
of the log-rolling state on the vorticity axis. In the FGP, even very small ¢ De creates
a bottleneck near the flow direction where the particle slows down in proportion to
¢ De. Thus, viscoelasticity increases the period of tumbling motion within the FGP.
At ¢ De = c De.riy = (4log(2kx) — 6)/k, an infinite period bifurcation occurs, and two
fixed points arise in the FGP near the flow direction. Therefore, for ¢ De > ¢ De,j;, the
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tumbling motion within the FGP does not exist, and a particle initially oriented within
FGP ultimately aligns near the flow direction.

In a Newtonian fluid, the phase flow of the dynamical system of the particle’s
orientational drift is of equal and opposite magnitude in the vorticity direction about
the flow—vorticity plane. Thus the Jeffery orbits, in that case, are symmetric about
the flow—vorticity plane. For 0 < ¢ De < ¢ De.iy and k > kry1, the phase flow remains
qualitatively similar, but the magnitude of the phase velocity in the vorticity direction is
larger on the downstream side of the phase-flow. Thus, a particle starting close to (but not
in) the FGP spirals towards the vorticity direction. kry1 = 17 for ¢ = 0.005 and slightly
reduces with c. For « < kpy1, spiralling away from the FGP occurs for a ¢ De up to a

value shghtly less than ¢ De,,;; indicated by the ¢ = 0 curve in figure 2. Rvort in figure 2 is
the region where the particle spirals away from the FGP. It continues to spiral towards the
vorticity axis as it moves away from the FGP until it comes close to the axis. A particle with
an initial orientation arbitrarily close to, but not on, the vorticity axis spirals away from the

vorticity axis. Thus, in R,(w),,, a particle ultimately undergoes a periodic motion in a limit
cycle near the vorticity axis. The spiralling towards the vorticity axis due to viscoelasticity
is observed in the experiments of Gauthier et al. (1971) and Iso et al. (1996a.b).

For ¥ < kry1 and between ¢ De corresponding to ¢ = 0 and ¢ De = ¢ De,;, marked

as R}lo)w vore 1D figure 2, the phase velocity in the vorticity direction downstream of the
)]

flow—vorticity plane and close to the FGP changes direction as compared with the R,
region discussed above or the case for a Newtonian fluid. Thus, a particle with an initial
orientation close to the FGP spirals into the FGP, where it ultimately undergoes tumbling
motion (albeit with a larger period than in Newtonian fluid). A particle starting farther
away from the FGP or near the vorticity axis spirals towards the periodic orbit (similar to
Rfm)r,) near the vorticity axis.

The phase space for the dynamical system of a particle in a Newtonian fluid consists
of a concatenation of neutral centres. The periodic orbit at small angles away from the
vorticity axis for the case of a viscoelastic fluid (¢ De > 0) is a stable limit cycle. It is

the only stable attractor in the phase space in Rfm),, As ¢ De increases at large k £ 50 in
the small ¢ De regime, the limit cycle shrinks as it goes towards the vorticity axis. The
size of the limit cycle is not affected by ¢ De in the small ¢ De regime for « < 20. The
previous studies by Leal (1975) using the slender body theory at low De have considered
only the O(1/(2log(2«) — 3)) velocity disturbance and found viscoelasticity to cause a
slender particle to spiral towards the vorticity axis. However, the polymeric torque due
to the force doublet and O(1/ k?) Stokeslet, 0(1/K2) velocity disturbance from slender
body theory of Cox (1971) that accounts for the fluid velocity disturbance the particle
makes when in the flow—vorticity plane (p» = 0), makes the vorticity axis an unstable
spiral. Thus, a stable limit cycle occurs from the competition of polymeric torques from the
disturbance at O(1/ «2) and the Stokeslet flow at order O( p» /(21log(2«) — 3)). Unlike Leal
(1975) who attributes it to second normal stress difference, our theory predicts the effect
of viscoelasticity in a second-order fluid to arise from the first normal stress difference of

the fluid. In Rl()o)rt, the FGP is an unstable limit cycle and, in R

fow—vore 1L 18 @ stable limit

cycle. In both cases, the stable limit cycle exists near the vorticity axis. Thus, in Rj(cl O)W vort?
there is an unstable limit cycle between the two stable ones, and there are two possible
final orientation behaviours, tumbling within the FGP and periodic motion close to the

vorticity axis.

976 A9-46


https://doi.org/10.1017/jfm.2023.823

https://doi.org/10.1017/jfm.2023.823 Published online by Cambridge University Press

Fibre rotation in a sheared polymer solution

For ¢ De > ¢ De.iy = (4log(2k) — 6)/x, the fixed points in the FGP leads to monotonic
particle drift towards or away from the FGP instead of spiralling motion. For x > kpy
when the fixed points first appear at ¢ De.,;; the one closer to the flow direction is a
saddle node, and the other is an unstable node. Thus, a particle starting close to the FGP
migrates along the stable manifold of the saddle point up towards the flow direction and
then monotonically drifts along the flow—vorticity plane towards the periodic orbit close

to the vorticity axis. The region where this qualitative behaviour occurs is marked as Rl(f,),,

in figure 2 and the orientation trajectories are similar to the experimental observations of
Bartram et al. (1975). Also, for k > kFy1, upon increasing ¢ De beyond a certain value
indicated by the /1(2);7 o = 0 boundary in figure 2, the saddle point changes into a stable
node and hence a particle with an initial orientation close to FGP ultimately becomes
stably flow aligned. This is marked as R? in figure 2. In this region, depending

flow—vort
upon the initial orientation, a particle finally obtains either a stable orientation close to the
flow direction or undergoes periodic motion close to the vorticity axis. For ¢ De beyond
the /lg;‘l;w = 0 boundary of figure 2 for x > kpy1, or for ¢ De > ¢ De.riy when k < kpy1,
the fixed point in the FGP away from the flow direction is a saddle node with its stable

manifold perpendicular to the FGP. In the part of this region marked as RJ(CI‘Z)W_U ort
@)
R

figure 2, the final particle behaviour is similar to that in fow—vort
due to a saddle node instead of an unstable fixed point farther from the flow direction

in

discussed above. But,

in the FGP, a greater proportion of the initial orientations in RJ(C;)W_U or¢ than in R;ZZO)W_U ort
Limit

lead the particle towards a flow aligned state. Upon increasing ¢ De beyond ¢ De| /™ off® in

the regions marked as R}llo)w and R},?W the particle at all initial orientations apart from the

log-rolling state at the vorticity axis leads to a flow-aligned state. This is because the limit
cycle close to the vorticity axis does not exist and the vorticity axis is an unstable spiral

(RJ((IIO)W) or node (Rf(,zo)w). The flow-alignment of the particle was observed in the experiments
of Iso et al. (1996a) at larger elasticity (c).

We are able to obtain qualitative agreement with the low shear rate experiments of
Gauthier et al. (1971) and Iso et al. (1996b) which correspond to low ¢ De regime (Rg,l,,)r,
in figure 2). In these experiments, the particle spirals towards the vorticity axis, and our
theory predicts spiralling towards the stable limit cycle near the vorticity axis. While the
authors Gauthier er al. (1971) and Iso et al. (1996b) state that the particle approaches
the vorticity axis, this behaviour is not shown. Moreover, in the time series plot of angle
with the vorticity axis in the results of Iso et al. (1996b) a deviation from zero and a
small oscillatory behaviour can be observed, indicating the possibility of the existence
of a stable limit cycle near the vorticity axis in their experiments. The high shear rate
experiments of Bartram et al. (1975) were performed by releasing a k = 9.1 rod close to
the gradient axis. The particle initially travels nearly parallel to the FGP and approaches
the flow direction. Upon perturbing, it moves out of the FGP along the flow—vorticity plane
in a monotonic fashion before it starts spiralling near the vorticity axis. This is qualitatively
similar to the orientation dynamics in the Rf,zo)n region shown in figure 2 where a saddle
point exists near the flow direction (stable manifold in the FGP) and a stable limit cycle
is near vorticity axis. Our theory is, however, unable to fully explain the high shear rate
experiments of Iso et al. (1996b) performed for k = 34.4, De = 3 and ¢ = 0.39. Iso et al.
(1996b) observe the particle to remain at an angle between 5° to 60° from the vorticity
axis near the flow—vorticity plane after spiralling or moving monotonically away from
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the FGP. The regions R? RS R

flow—vort®> “*flow—vort> ~flow
attractor near the flow—vorticity plane, but it is a saddle point. From (5.24) p3 suqaie = 0.7
for cDe = 1.17 and « = 34.4, i.e. the saddle point is at an angle of 25.2° from vorticity
axis. In our theory, the absence of a stable fixed point in the flow—vorticity plane between
the vorticity and flow directions may be due to neglecting shear thinning, finite ¢ effects,
finite polymer length and polymer entanglement. We use an Oldroyd-B equation to model
the polymer stress. Finite polymer length may be captured by the FENE-P model and
polymer entanglement likely at larger ¢ by the Giesekus model Bird et al. (1987). Future
numerical investigations may be used to test our theory and further clarify the previous
experimental findings.

Our findings have a major implication in using dilute (low ¢) polymeric liquids to
achieve desired properties such as strength and anisotropy of products manufactured from
dilute fibre-filled suspensions mentioned in the introduction. At very low c De, all the
fibres will eventually have orientations close to the vorticity axis. Therefore, adding a small
polymer concentration to the fluid in roll-to-roll manufacturing can lead to low resistance
films with higher anisotropy and hence better quality. Since the limit cycle in the low ¢ De
regime becomes closer to the vorticity axis as ¢ De increases, the anisotropy can be tuned
by changing the shear rate or polymer relaxation time (De is the product of shear rate and
polymer relaxation time). Even higher anisotropy can be obtained if very large De can be
achieved since at a large ¢ De, the fibres with all initial orientations ultimately align near
the flow direction. For moderate values of ¢ De, the flow field that precedes a period of
simple shear may preorient the fibres somewhat closer to the FGP or the vorticity axis.
This will determine whether the fibres lie in the basin of attraction of attractor near the
flow direction or the attractor near the vorticity axis. The polymer stresses in the simple
shear flow can then drive the particles to a single final orientation leading to highly aligned
fibres.

and R]%)w (shown in figure 2) do have an
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