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This study investigates the microstructure and rheological response of Brownian rod suspensions
considering both spatial and orientational fluctuations in simple shear, Poiseuille and Couette flows.
Focusing on rod-fluid interactions and concentration gradients, we account here for the effects of the
rods concentration-orientation coupling. Numerical simulations, based on a kinetic macro-model
previously derived [1], are used to analyze these results. In simple shear flow, the presence of the
rods do not impact the flow, and translational diffusion does not modify the rheological properties of
the suspensions. In Poiseuille flow, the rods cause a flattening of the velocity profile and the two-way
coupling enhances the cross-streamlines migration toward the walls. The two-way coupling between
the flow field and the rods control their orientation, migration behavior, and rheological properties.
In Couette flow, rod-fluid coupling results in outward flow near the fixed cylinder. The translational
diffusion plays a crucial role as higher translational Peclet numbers lead to pronounced migration of
rods towards the channel walls and increased alignment in the flow direction. This coupling effect
also affects the velocity profile in Couette flow. Our findings provide valuable insights into the
complex behavior of suspended Brownian rods in different flow conditions.

I. INTRODUCTION

In material engineering, predicting and controlling the local configuration state of particle suspensions (i.e., spatial
and orientational distribution) is critical to design advanced manufacturing processes [2-4]. Modelling of such processes
in the case of colloidal suspensions is a difficult undertaking. It requires resolving particle-particle interactions, thermal
fluctuations, and long-range many-body hydrodynamic interactions that lead to complex suspension microstructures
and rheological responses [5, 6]. Researchers have theoretically and numerically studied the evolution of the orientation
of anisometric particles homogeneously suspended during flow. In what follows, we organize the findings based on
linear and non-linear flows.

In linear flows, Jeffery [7] derived the equation of motion for a single isolated, inertialess, ellipsoidal, non-Brownian
particle in a Newtonian fluid. When a dilute slender fiber suspension is subjected to constant shear flow, particles
orient in the flow direction and spent most of their time aligned in this latter direction [8, 9]. For many Brownian
particles, a statistical description is required. Doi and Edwards [10] obtained a Fokker-Planck equation for Brownian
rigid rods, where the orientation convective flux is provided by the Jeffrey’s result. Dhont and Briels [11] derived
the Doi-Edwards framework from first principles explicitly accounting for the rod dynamical correlations. Férec et
al. [12], and later, Natale et al. [13] developed a new set of constitutive equations accounting for a linear and non-linear
lubrication interaction, respectively, between rods dispersed in a Newtonian matrix. Natale et al. [13] showed that
the non-linear lubrication interaction was sufficient to predict the shear-thinning behavior of attractive Brownian
rod suspensions. Hinch and Leal [14] revealed the intricate interplay between shear flow alignment and Brownian
disorientations in a dilute suspension of axisymmetric particles. The rheological behavior exhibits oscillatory features
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tied to particle rotation and a fading memory effect due to Brownian diffusion. Hijazi and Zoaeter [15] used Brownian
dynamics simulations to study rod-like particles in a dilute flowing solution. Their results demonstrated the impact
of the hydrodynamic shear rate and rotational Brownian diffusion on the average orientations, with the maximum
orientation angle exhibiting a strong dependence on the flow conditions. Leahy et al. [16] examined the effect of
shear flow on the rotational diffusion of a single axisymmetric particle. Their study provided new insights into the
time-dependent rheological properties of suspensions containing non-spherical Brownian particles. They found two
distinct diffusive time scales in the rheology that scale separately with aspect ratio. The study highlights the complex
interplay between shear-induced rotations and diffusion, revealing the importance of particle shape and orientation
dynamics in determining the behavior and properties of such suspensions. Palanisamy and den Otter [17] developed
an efficient Brownian dynamics simulation method for rigid colloids in linear flow fields based on the grand mobility
matrix. This study on suspensions of non-spherical Brownian particles revealed that the rheological properties in
continuous shear flow are influenced by two distinct diffusive time scales, which depend on the particle aspect ratio.

In non-linear flows, Schiek and Shaqgfeh [18] studied theoretically the cross-streamline migration of slender Brownian
rods in plane Poiseuille flow. It provides insights into the occurrence of migration and the distribution patterns of
particles on scales comparable to the particle length within the channel, where rods migrate away from the center of
the channel and towards the channel walls. Nitsche and Hinch [19] investigated the shear-induced lateral migration of
Brownian rigid rods in parabolic channel flow and quantitatively confirmed the accumulation of rods at the channel
walls. Xie et al. [20] used experimental techniques to study the shear-induced alignment of low aspect ratio gold
nanorods in Newtonian fluids. Their observations highlight the alignment phenomenon and numerical simulations
support the understanding of the nanorods behavior, including the impact of Brownian motion even at high Peclet
numbers. Numerical simulations show that the rods flipping between extreme orientations of the Jeffery’s orbits and
that the effect of the Brownian motion on the gold nanorods cannot be ignored even at large Péclet number. Kumar
and Natale [21] investigated the settling dynamics of two spheres in a suspension of Brownian rods using numerical
simulations. They found that the presence of Brownian rods introduces non-Newtonian contributions, resulting in
repulsive interactions between the settling spheres that depend on the Peclet number and the distance between their
centers.

Fokker-Planck-like equations in multiple dimensions are computationally expensive to solve. The creation of an
equivalent kinetic macro-model is a tactic used to make the numerical solution of complex physics problems more
accessible. Macro models have been used extensively in the literature to forecast particle concentration or orientation.
To describe fiber orientation in suspensions containing short rigid fibers, Advani and Tucker [22] used a set of even-
order moments of the probability distribution function. In concentrated, monomodal, spherical suspensions, Phillips
et al. [23] proposed a constitutive equation for computing particle concentration and velocity fields. Shapley et
al. [24] compared the predictions of various particle migration models to laser Doppler velocimetry measurements. At
moderate bulk particle concentrations, the models accurately predict the macroscopic shear rate and concentration
profiles, but at high concentrations, they start to diverge. Without considering the correlation between the two,
these models are either used to predict the orientation or the concentration. Férec et al. [25] examined the Folgar-
Tucker-Lipscomb model without any closure approximation. They discussed the accuracy of commonly used closure
approximations. As per extant literature, the Invariant-based optimal fitting (IBOF) proposed by Chung et al. [26]
stands out as the most precise closure approximation available. Saintillan and Shelley [27] developed a kinetic model
and discussed the stability and non-linear dynamics of a suspension of self-propelled rod-like particles. For an active
suspension, Weady et al. [28] restated and coarse-grained a continuum kinetic model. Although the translational
diffusion is anisotropic and depends on the particle’s orientation, these two models assume it as a constant. Issa et
al. [1] derived a new kinetic macro-model based on moments of the probability distribution function to investigate the
flow of Brownian particle suspensions taking into account the anisotropic translational diffusion. The rod migrations
across the flow streamlines were caused by Brownian translational Peclet numbers but particle-induced stresses were
neglected.

Many studies have studied the two-way coupling, which refers to the mutual influence between the fluid flow and the
suspended particles, In a series of influential papers [29-31], Batchelor and coworkers established that microstructural
asymmetry, not just distortion, is required to produce non—Newtonian rheology. They established expressions for
the average suspension stress in dilute colloidal dispersion, as well as the non-equilibrium Smoluchowski framework
that governs the evolution of a flowing microstructure under the influence of thermodynamic and hydrodynamic
forces. Several studies have confirmed that particles alter the flow pattern of suspensions. Bagnold [32] reported
the appearance of normal stresses during shear flow on flow-induced non-Newtonian rheology of suspensions of non-
colloidal spherical particles. He proposed that non-Newtonian rheology was caused by the presence of a particle
microstructure and shear-flow-induced changes in its shape. The existence of a shear-induced structure in concentrated
non-colloidal suspensions was conclusively suggested by several studies after this innovative work [33, 34]. Mezi et
al. [35] developed a numerical simulation for 2D planar flows for fiber suspension with a Newtonian and a power-
law suspending fluids. Then, they extended this model to examine a 2D axisymmetric capillary die swell for fiber



suspensions, which occurs in 3D printing extrusion processes [36]. The particle extra stress flattens the velocity profile
but has little effect on the distribution of fiber orientation in the suspension during flow. Yasuda et al. [37] measured
the velocity profile of short fibers in a Newtonian matrix flow inside a channel with a rectangular cross-section. They
observed that the velocity profile becomes flatter as the fiber volume fraction increases. Mazahir et al. [38, 39] used
slow orientation kinetics such as the reduced strain closure model [40] to conduct coupled transient simulations to
predict fiber orientation in a center-gated disc. They discovered that the numerical data of the coupling effect is
very small when compared to experimental data measured in the shell, transition, and core layers, but there is an
improvement in the frontal flow region. A two-way coupled direct simulation technique is proposed by Moosaie and
Manhart [41] for the numerical solution of Brownian rod suspension flows in complex geometries. They observed that,
in the case of channel flow, the bulk velocity in the channel decreases by the effect of extra stress generated by the
rods. Krochak et al. [42] examined the effect of two-way coupling between the flow field and the orientation state
of rigid fiber suspensions flowing through a tapered channel with an orientation distribution function that evolves
according to a Fokker-Planck-type equation. When the two-way coupling was taken into account, it was demonstrated
that the suspension aligned much more quickly, and the orientation anisotropy profiles differed significantly.

We end this section by reporting a sentence that has puzzled generations of rheologists and soft-matter physicists
and motivated us to explore the effects of an anisotropic translational diffusion tensor. In the renowned book "The
Theory of Polymer Dynamics’, Doi and Edwards [10] pointed out in chapter 8 that ..., a concentration gradient of
rodlike polymer can induce an anisotropy in the orientational distribution. However, the reverse is not true: in a
homogeneous system (in which the positional distribution is uniform), the translation-rotation coupling has no effect:
if the system is homogeneous, it will remain homogeneous even if the orientational distribution is not isotropic.” We
will show in the following that this statement is only valid in the case of simple shear flow. Therefore, the objective of
this work is to investigate the effect of flow/Brownian rod microstructure coupling in non-homogeneous systems while
considering the evolution of the particle concentration and orientation. The study employs a kinetic macro-model
derived in a previous work [1] and examines particle suspensions in a planar infinite channel and couette flow between
two cylinders during transient studies. The article is organized as follows: Section II focuses on the flow problem and
theoretical modeling for Brownian rod suspensions. Finally, Section III presents the numerical results, including the
effect of particle extra stresses, the effect of translational diffusion, and the effect of both initial concentration and
orientation gradients, before the conclusion.

II. GOVERNING EQUATIONS

Let’s consider a suspension of Brownian rod-like particles of length L, circular cross-section of diameter D, and an
aspect ratio a, = L/D. The particles are assumed to be rigid, monodisperse, neutrally buoyant, and immersed in a
Newtonian fluid. The rod suspension is supposed to be diluted in a volume of interest V. Hence the mean number of
rods per unit volume n verified that nL? << 1. The fluid is presumed to be isothermal and incompressible. Below
are presented the equations that describe the flow problem and the kinetic macro-model of the suspending rods.
Subsequently, these equations are written in dimensionless form for further analysis and simplification.

A. Flow problem

The problem is governed by the continuity and Cauchy momentum equations in the limit of creeping flow (low
Reynolds number)

vx'u:O7 (1)

VP —nViu =V, 2. (2)

In the above equations, Vx and V2 are the gradient and Laplacian operators in the spatial space, respectively. u is
the velocity vector of the suspension, P denotes the pressure, 7g is the Newtonian dynamic viscosity of the suspending
fluid and X represents the particle extra stress tensor. Indeed, the presence of particles in a Newtonian medium
develops extra stress contributions, which are obtained by configurational averages of force dipoles exerted by the
particle on the fluid. In a dilute regime, the particle extra stress tensor arises from two contributions [27]

S=%5+35. (3)



The first contribution is because particles are Brownian

EB = kBT(?)AQ - A.2 : (55), (4)

where kg and T are the Boltzmann constant and the absolute temperature, respectively, and d is the identity tensor.
The second contribution comes from the inextensibility condition of the particles and is expressed as

Sp—on KA4 _ §6A2> : ﬂ , (5)

where o = 79 L?/61og (2a,) from slender body theory, and + is the strain-rate tensor. Ay and Ay, which will be
defined below, represent the second and fourth-order conformation tensors, respectively.

B. Kinetic model

In a local volume, which is large enough to contain a statistically significant number of particles but smaller than
the characteristic length scale of the macroscopic properties of the system under consideration, a Brownian particle
suspension can be characterized by a distribution function ¥(x,p,t). It reflects the probability of finding a particle
at position x with orientation p, at time ¢. Therefore, ¥(x, p, t)dxdp represents the number of particles with center
of mass and orientation vectors in a range dxdp about x and p at the current time ¢. A single particle Smoluchowski
equation can be obtained in the dilute regime as follows [10, 35]

ov

S = Ve (K0) = Ty (50), (©)

where Vj, is the gradient operator in the configurational space. The time-dependent evolution of the position of a
Brownian particle, %, is

X =u—D; VylogV¥, (7)

and the time-dependent evolution of its orientation, p, can be written as

p=p; — D.Vplog¥, (8)
where p; is the Jeffery’s equation such as
. 1 AL .
pj=—5w P+ (¥ P—7:pPP). (9)

The rotational diffusion coeflicient and translational diffusion tensor are denoted by D, and Dy, respectively. The
latter is defined for non-spherical, rigid particles as D; = Dypp + D1 (d — pp), where D and D, are constants
that characterize the diffusion parallel and perpendicular to the particle axis, respectively. The vorticity tensor is
denoted by w and A is a constant shape factor as a function of the rod aspect ratio a,.. The combination of the above
equations, with the help of the continuity equation, leads to

DV .
D = Vx (De- VW) = Vp - (p;0) + D,V U, (10)

where D(...)/Dt = 9(...)/0t +u - Vx(...) is the material derivative. Based on the distribution function, its moments
can be written. Specifically, the fourth-order, the second-order, and the zeroth-order moments of ¥ are respectively
defined as [1]

Ay =/pppp\11dp7 (11)
P



Av=A, 6= / ppWdp, (12)
P
c=A2:5:/\Ildp, (13)
1

where ¢ represents to the local number density of the suspension, which is directly linked to the trace of A,. The
moments Ay and As contain information on the local concentration and orientation of particles. For instance, a local
population of rods oriented randomly with a number density ¢; is given by Ay = ¢16/3, whereas a group of rods
having the same direction with a number density ¢y leads that As has only one non-zero component in the alignment
direction equals to co. Therefore, it is found that the distribution function ¥ is normalized such as

é/}c/pqldpdxn. (14)

After some straightforward algebraic manipulations, an evolution equation of the tensor Ay can be derived [1]

DA, 1 AL . .
S (W-As—As-w)+ o (3 AstAg A —2A4:4) + 2D, (b — 3A
far 2(w 2 2 w)+2('y 2+ Az -y 4:7)+ 2D, (c6 —3Az) (15)

+ DLviAQ + (DH - Dl) vax . A4.

Since Eq. (15) involves Ay, it requires a closure approximation to express Ay in terms of Ag. Fortunately, standard
closure approximations [26, 43, 44] can be used for this case, by being cautious to normalise Ay by ¢ in order to
maintain the unitary trace condition. In our previous investigation [1], the IBOF closure [26] was tested and yielded
more than 95% accurate results as compared to the exact solution obtained by solving the Fokker-Planck equation
given by Eq. (10). Hence, all the cases presented in this work involved the IBOF closure for the analysis. Eq. (15),
called macro-model, allows for solving of a set of partial differential equations (i.e., 6 PDEs in 3D, which are the
evolution of A1, Agg, Ass, A1a, A1z and Agg) rather than a full 6D Fokker-Planck equation (i.e., 3D in spatial space,
2D in configurational space and 1D in time), greatly simplifying the numerical simulation.

C. Dimensionless formulation of the problem

To render the problem dimensionless, the particle length L and the Newtonian viscosity of the suspending fluid
7o are chosen as the characteristic length and viscosity, respectively. Therefore, the characteristic strain rate is
4 = Ugug/L, where Ugyg is the average flow velocity. We also introduce a dimensionless mean number density such
as ¢* = ¢/n, where n is the mean number density. The dimensionless form of the Cauchy equation can be written as

1
ViP* — V*2u* = Vi {c* [Np (A;; - 35A;> L 4%+ N, (3A5 — 5)] } . (16)

As a result, the dimensionless form of the stress tensor is

o = ¢ [Np (A;; - ;dAg) LA+ N, (3A5 — 5)} : (17)

where N,, = Gl’:fgl(lj.) is the particle coupling coefficient, and Ny, =

the previous work [1], Pe, = 4/D,, Pe; = L?*¥/D, and Pej = L?¥/Dj are the rotary, perpendicular and parallel
Peclet numbers, respectively. For very long and thin rod-like particles, A = 1 and the relation Pe = 2Pe| applies [10].
Based on this, the evolution equation for A in dimensionless form becomes

"Z;TBA./T is the Brownian coupling coefficient. Following

DA; 1 2

1
__ - *A*_A* * - *A* A**—QA** _ A*
Dt 2(” 2 2 w)+2(7 o T Ay 4 7)+Per(6 3A3) 18)
1 *2 A K 1 * E *
+ P—QLVX Aj + Pielvxvx CAL



where t* = t%. The evolution equation of concentration c¢* is simply obtained by taking the trace of the above equation

Dt _ DAj o 1

1
Dt Dt ° Pe,

V*Q*
x ¢ +P€J_

ViVi:AjL (19)

Egs. (18) and (19) show the coupling between the concentration and the local orientation of the Brownian rods.
This coupling clearly appears in the last term of Eq. (19). In what follows the asterisks indicating the non-dimensional
quantities have been dropped for clarity.

III. NUMERICAL RESULTS

In this work, three shear flow problems (simple shear flow, Poiseuille flow and Couette flow) are tested using the
kinetic macro-model with the IBOF closure, which corresponds in solving Eqgs. (1), (2) and (18) in their dimensionless
form. The accuracy of this model has been verified in Appendix A with comparing the results with the solution of
the full Fokker-Planck equation for simple shear flow (uncoupled model). The dimensionless shear viscosity is given
by n = ¥12 and the dimensionless first and second normal stress differences N; and No are N3 = 317 — Y99 and
No = Y99 — Y33, respectively. Actually, the indices 1, 2 and 3 denote the flow direction, the velocity gradient direction
and the vorticity direction, respectively. Therefore, in a simple shear flow and Poiseuille flow, they correspond to x, y
and z, respectively, while in the Couette flow, they refer to 8, r and z, respectively. Initial conditions (unless otherwise
mentioned) are Az = /3 and ¢ = 1. It means that particles have a 3D random orientation with no concentration
gradient.

A. Simple shear flow

First, we consider a suspension flowing between two moving parallel plates. The geometry is a 2D square channel of
side H, where H/L = 10%. A simple shear flow is imposed in the xy-plane, where the upper wall at y = H/2 translates
at Y¥H/2 = 0.5 in the a-direction, whereas the lower wall at y = —H /2 translates in the opposite direction. Due to
the symmetric conditions along the y = 0 axis, all results in the rectangular channel are plotted for 0 < y/H < 0.5.
Periodic flow conditions with AP =0 at (x =0 and = H) are used to simulate the flow in an infinite channel.

1. Homogeneous systems

Under the one-way coupling assumption (N, = 0 and N, = 0), we first explore the flow-induced microstructure
change for a homogeneous system in a simple shear flow. Numerical simulations are performed for Pe; = 0.01,0.1,1
and 10, with a fixed value of Pe,, = 10. There is no effect of translational diffusion on the system. No effect on the rod
orientation dynamics, shear viscosity, and normal stress differences is observed and no rod migration occur (results
not shown). This is confirmed by the fact that the right-hand side of Eq. (19) is always null. We then examine the
flow-microstructure coupling for N, = 0,10, 100,250 and 1000 and NN, = 0,10,100 with Pe; = Pe, = 10. The two-
way coupling does not change the velocity profile in simple shear flows (as expected for viscometric flows) and does
not modify the rod orientations as well as the rheological properties (shear viscosity and normal stress differences).

2. Non-homogeneous systems - Effect of concentration gradient

We now investigate the effect of various initial concentrations on the transient rheological properties of Brownian rod
suspensions. As depicted in Fig. 1, six initial concentration gradient cases along the y-direction are examined with the
following equations, ¢; = 1, cg = —2.57y? +1.21, c3 = —3.43y%> +1.28, ¢y = —5.14y%> +1.42, c5s = 1.42 for 0 < y < 0.35
else c5 = 0.0014 and cg = 2.856 for 0 < y < 0.1755 else ¢ = 0.0014. The average concentration in the channel is
kept constant to 1 for all the cases. Particles are initially isotropically oriented. The two-way coupling assumption
is taken into consideration. To examine the impact of concentration, it is necessary to keep the other parameters
influencing the study constant, such as maintaining fixed values for N, = 250, N, = 10, and Pe, = Pe; = 10. In
these cases, the presence of an initial concentration gradient results in a non-uniform distribution of particles within
the channel. As a result, particle migration occurs across the streamlines due to translational diffusion. The presence
of a concentration gradient in the y-direction leads to the right-hand side term in Eq. (19) becoming non-zero, which
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FIG. 1: Initial concentration gradients ¢; = 1, co = —2.57y? + 1.21, c3 = —3.43y% + 1.28, ¢y = —5.14y? + 1.42,
c5 = 1.42 for 0 < y < 0.35 else ¢5 = 0.0014 and cg = 2.856 for 0 < y < 0.1755 else ¢g = 0.0014.
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FIG. 2: Evolution of concentration distribution along the y-direction for various initial concentration gradients at
t = 0.025 and 0.05.

subsequently induces particle migrations. Indeed, since ¢ increases, the concentration gradient gradually changes as
reported in Fig. 2, until reaching a uniform concentration distribution ¢; = 1 at the steady state (¢ ~ 0.2). However, in
these cases, it is worth mentioning that the migration of rods does not have an impact on their orientation dynamics.
As a result, the transient rheological properties, which are specifically related to the orientation distributions of the
rods, remain unaffected by rod migrations.

3. Non-homogeneous systems - Effect of orientation gradient

To explore the influence of orientation along the y-direction, an orientation gradient is imposed in a simple shear
flow keeping the concentration constant and homogeneous. Four initial orientation gradient cases are examined, as
shown in Fig. 3, for which 4,, = A., and A, = 0. The first case is referred to as "ISO”, where the rod orientation
is isotropic, i.e., Ay = §/3. In the second case called ” ALI”, particles are perfectly aligned in the flow direction (i.e.,



Azr = 1). ?LIN” corresponds to the initial condition, where the orientation gradient has a linear profile. A,, =1
and Ay, = 0 at the walls (y = 0.5), whereas A,, = 0 and A,, = 0.5 at center-line (y = 0). The latest case denoted
"QUA” considers a quadratic form for the orientation gradient, where rods are aligned in the flow direction at the
center-line, A,, = 1 and A, = 0, while at walls (y = 0.5), A, = 0 and A,, = 0.5. To isolate the effect of orientation,
parameters are fixed to N, = 250, N, = 10, and Pe; = Pe, = 10. No cross-streamline migrations of the rods are
observed. Furthermore, the various initial orientations of rods do not modify their final orientation distributions and
consequently the final rheological properties of the system. However, it changes the transient rheological properties
of the system.

~ 0.5 p= z 2
/ S N % ISO = =LIN
0.4} “ —==ALl ——QUA

N

*********\************* * %k %

R R R R R Y £

s’
0.2f 7 + IS0 — -LIN
s —--ALl —QUA
0 - M M M M
0 0.1 0.2 0.3 0.4 0.5
y/H
(a) Initial distribution of A., along the y-direction. (b) Initial distribution of A, along the y-direction.

FIG. 3: Initial rod orientations, "ISO”, "LIN”, ”ALI”, and "QUA” for (a) A, and (b)A,, in the y-direction.

Evaluated at x = 0, Fig. 4, 5, and 6 depict the time evolution along the y-direction for ¥, N; and Ny, respectively.
These figures provide valuable information about how the rheological properties of the system evolve over time in
response to changes in the initial orientation of the rods. The study reveals that rheological properties are strongly
linked with rod orientation distributions.
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FIG. 4: Evolution of the shear stress along the y-direction for various initial rod orientations at ¢ = 0.2,0.6,2 and 30.
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FIG. 5: Evolution of the first normal stress difference along the y-direction for various initial rod orientations at
t=0.2,0.6,2 and 30.
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FIG. 6: Evolution of the second normal stress difference along the y-direction for various initial rod orientations at
t=0.2,0.6,2 and 30.

B. Poiseuille flow

Let’s consider now the planar Poiseuille flow problem. The geometry consists of a 2D square of side H and, therefore,
the flow occurs in the zy-plane (z being the flow direction and y the velocity gradient direction). The two fixed walls
are located at y & 1/2. Periodic flow conditions of constant flow rate are used to simulate an infinite flow in the
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channel. The prescribed initial condition for the velocity is parabolic with u, = 1 — 432 and uy = 0.

1. Effect of particle extra stress

By taking into account the two-way coupling effects in homogeneous systems, it is known that the presence of
particles in the fluid causes a flattening of the standard parabolic velocity profile in a Poiseuille flow [36]. However,
in our study, we focus on non-homogeneous systems, where migrating rods lead to the formation of concentration
variations, thus deviating from homogeneity. Hence, to investigate the impact of particle extra stress on the system,
we keep constant the translational and rotational Peclet numbers at a value of 10 (i.e., Pe, = Pej = 10). This allows
us to isolate and analyze the specific influence of the additional stress on the system (i.e., the effect of the coupling).

Fig. 7a presents the numerical results obtained by investigating the coupled flow field and rod conformations, in
particular the effect of Brownian stress contribution through N,. Starting from a prescribed parabolic velocity profile
with an isotropic orientation distribution and ¢(t = 0) = 1, the velocity profile tends to flatten out with time (results
not shown). The system is fully developed at t = 30. As increasing N, the velocity profile tends to flatten more.
For N, = 10, the effect on the velocity profile is relatively small. However, as N, increases, particle stresses increase
leading to a more significant deviation from the standard parabolic profile.

Fig. 7b depicts the effect of Brownian stresses on the concentration profile at t = 30 (i.e., at steady-state). Particle
stress hinders the rod orientations toward the flow direction in the channel. It also favors the migration of rods toward
the walls as aligned rods have less tendency to migrate across the streamlines [1].

The effect of hydrodynamic stress contribution through N, is tested. Values of N, up to 100 show no significant
modifications in the velocity profile and concentration distribution. Note that the limit of convergence of this numerical
model is N, = 100, for higher values the numerical model diverges.
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y/H y/H
(a) Velocity profiles along the y-direction for N, = 0 and (b) Concentration distributions along the y-direction for
for various values of Ny at t = 30. N, = 0 and for various values of N at t = 30.

FIG. 7: Effect of Brownian stress contribution on the (a) velocity profile and the (b) concentration distribution
along the y-direction for N, = 0, 10,100, 250 and 1000 at ¢t = 30 at ¢ = 30 with N, = 0.

2. Effect of translational diffusion

In our previous work [1], the effect of translational diffusion in a limited planar channel is studied without flow
coupling. We aim now to explore the effect of translational diffusion in an infinite channel by taking into account the
two-way coupling effects in a transient study. Therefore, the coupling coefficients and the rotary Peclet number are
set at fixed values, such as IV, = 250, N, = 10 and Pe, = 10 with varying values of Pe .

Fig. 8a shows the effect of translational diffusion on the velocity profile compared with the initial velocity. It is
found that extra stress has a more pronounced impact on the velocity profile at higher translational diffusion Peclet
numbers.
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FIG. 8: Effect of the translational Peclet number on the (a) velocity profile and the (b) concentration distribution
along the y-direction for Pe; = 1072,1071,10° and 10' at ¢ = 30.

Fig. 8b illustrates the influence of translational diffusion on the concentration distribution of the rods. At high
values of Pe |, there is a notable migration of the rods towards the walls of the channel. However, as Pe, decreases,
this migration becomes less pronounced. When Pe,; drops below 107!, the rods tend to remain more uniformly
distributed along the channel without significant concentration variations. In addition, the rods tend to maintain
an isotropic distribution at low values of Pe; (results not shown). Consequently, the rheological properties of the
suspension are close to the ones of the suspending fluid when Pe; becomes low (for more details, see Appendix B).

3. Effect of concentration gradient

A concentration gradient is now introduced keeping the rod orientation distribution isotropic. The same concen-
tration gradient cases are considered as in Section IIT A 2. The numerical simulations are performed with N, = 250,
N, =10 and Pe, = Pe; = 10. No significant effect on the rod orientation is observed.

Figs. 9, 10, 11, and 12 show that the initial concentration gradients change the transient behavior of the velocity
profile, shear stress and both normal stresses differences. In a suspension of Brownian rods, the shear stress and
normal stress differences can undergo transient changes. These variations are caused by the presence of a concentration
gradient within the suspension, which in turn affects the generation of extra stress on the fluid. However, it is crucial
to emphasize that these transient changes do not impact the final steady-state values. As the rods migrate across
streamlines, the concentration gradient gradually diminishes, leading the system to reach a steady state characterized
by a well-developed and consistent concentration distribution. In this steady-state condition, the system achieves a
stable equilibrium, with final shear stress and normal stress difference values that are the same across the channel
for all the studied cases. Once the concentration becomes homogeneously distributed and the system reaches this
equilibrium state, the rheological properties no longer exhibit transient changes and maintain their steady-state values
throughout the channel.

C. Couette flow

The Couette flow is commonly used to study fluid dynamics and transport phenomena in cylindrical geometries.
Fig. 13 shows the Couette flow geometry used in this section, which consists of two concentric cylinders with radii R+
and R;, = 0.8R,,;. The outer cylinder is fixed, while the inner cylinder is rotating at angular velocity U/(YRout) =
0.36. Fig. 13 also displays the magnitude of the velocity field between the coaxial cylinders, which varies with the
radial distance. All the results in this section are plotted at the ”baseline” (see Fig. 13), since at this line the velocity
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FIG. 10: Effect of the initial concentration on the shear viscosity along the y-direction at ¢ = 0.2,0.6,2 and 30.

vector has only one component in the #-direction. Using a cylindrical coordinate system (r, 8, z) is suitable to present
the results.

1. Small gap

We first consider a flow between two concentric cylinders with a very small gap, known as Couette flow (R;y,/Rout =
0.99). The difference in shear rates between the inner and outer cylinders is found to be around 2.8% (¥ = 1+£2.8%s71).
The rotary diffusion is fixed to a value of Pe, = 10 and the coupling coefficients are chosen to be N, = 10 and N, = 250.
We observe that even a small difference in the shear rates between the inner and outer cylinders can have a significant
effect on the system. The particles do not introduce any noticeable alterations to the flow field, and there is no
migration of particles across the streamlines. However, the orientation of the rods in the Couette flow is influenced by
the translational Peclet number, as shown in Fig. 14. The changes in particle orientation have notable consequences on
the rheological properties of the system, as depicted in Fig. 15. The isotropic distribution of rods at these conditions
leads to a minimal value of the shear viscosity comparable to the case of aligned rods, as well as for both normal
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FIG. 12: Effect of the initial concentration on the second normal stress differences along the y-direction at
t=0.2,0.6,2 and 30.

stress differences. This behavior highlights the significant impact of rod orientation on the rheological properties of
the suspension.

2. Effect of particle extra stresses

Fig. 16a illustrates the effect of Brownian stress contribution on the velocity profile in a Couette flow with suspended
rods. It shows that as the Brownian coupling increases, the velocity profile becomes more flattened. This is because
the orientation of the elongated particles affects the stress contributions, which in turn changes the shear viscosity.
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As a result, the velocity profile deviates from the initial profile observed in a Couette flow
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When N, = 100 or 250, the coupling between the flow-field and rod orientation is strong enough to cause the
formation of a reverse flow near the fixed cylinder. This occurs because the orientation of the rods affects the flow
field, leading to the formation of a pressure gradient that opposes the initial flow direction (last term in Eq. (16)). As
a result, the velocity near the fixed cylinder becomes negative.

Fig. 16b depicts the effect of Brownian coupling on the concentration of the rods. It indicates that as IV, increases,
the concentration of rods near the fixed wall decreases and becomes more concentrated near the moving wall. This is
due to the change in the velocity profile mentioned earlier.

3. Effect of translational diffusion

The effect of translational diffusion on the behavior of Brownian particles in the Couette flow is investigated by
simulating the flow for various values of Pe;. The results show that the behavior of the suspension in the Couette
flow is qualitatively similar to that observed in the Poiseuille flow. Fig. 17a reports the velocity profile between the
coaxial cylinders at t = 30. As expected, the velocity profile changes as the coupling between the particles and the
flow increases. Furthermore, the effect of coupling decreases as the translational Peclet number decreases. Fig. 17b
depicts the concentration distribution between the coaxial cylinders at t = 30. It demonstrates that at high values
of Pe, , the rods exhibit a migration towards the walls. Conversely, as Pe | decreases, this migration becomes less
pronounced. At low values of Pe,, the rods tend to maintain an isotropic distribution. This isotropic behavior
significantly influences the rheological properties. The concentration distribution and migration of the rods play a
crucial role in determining the overall rheology and behavior of the suspension in a Couette flow.
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and (c) A, as a function of strain () at r = (Rip, + Rout)/2 (§ = 1/5).

IV. CONCLUSION

This numerical work investigates the rheological behavior of Brownian rod suspensions in a simple shear flow,
a Poiseuille flow, and a Couette flow, respectively. The effects of rod-fluid coupling, concentration gradients, and
translational diffusion are explored based on a kinetic macro-model.

The presence of rods in simple shear flow does not significantly alter the flow behavior, and translational diffusion
has minimal impact on the system. However, in Poiseuille flow, the rods cause deviations from the standard parabolic
velocity profile, leading to a flattened profile and the formation of concentration gradients. The coupling between
the flow-field and rod orientation affects their orientation, migration behavior, and rheological properties, which have
implications for the overall low dynamics. In Couette flow, the rod-fluid coupling leads to an interesting phenomenon
of inverse flow near the fixed cylinder, driven by the interplay between rod orientation and flow field.

Also, we highlight here the influence of translational Peclet numbers on the behavior of Brownian rod suspensions
in flow systems. Low values of the translational Peclet number hinder the effects of rod-flow couplings, resulting in
minimal alterations to the flow behavior. However, as the translational Peclet number increases, pronounced migration
of rods towards the channel walls and increased alignment with the flow direction are observed. The results of our
work show that the famous sentence from Doi and Edwards [10], mentioned in the introduction, is only valid for
simple shear flow and even the slight deviation from linearity breaks this statement.

These results have significant implications for various applications involving rod-like particle suspensions. Under-
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FIG. 15: Effect of the translational Peclet number on the evolution of the normalized rheological properties (a)

shear viscosity (2,9), (b) first normal stress difference (V1) and (c¢) second normal stresses difference (Nz) as a
function of strain (y) at r = (Rin + Rout)/2 (¥ =1/5).

standing the influence of translational Peclet numbers can aid in the design and optimization of microfluidic devices,

biophysical processes, and industrial applications, where the control and manipulation of rod-like particles in flow
systems are crucial. Further research and experimental investigations are necessary to validate and expand upon these
findings, exploring the interplay between translational diffusion and rod-flow couplings. Future works will focus on
exploring the effect of anisotropic translational diffusion in the case of active Brownian particles as well as the effect

of the stresses on the system.
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Appendix A: Model validation

Based on Section IT C, the dimensionless form of Eq. (10) is

2L I
Dt o x P6|| PP

In order to solve Eq. (A1) for homogeneous flows in 3D, a finite volume method is employed to discretize the
partial differential equation in the configurational space. Following the works of [25] and [35], the numerical method
is updated to deal with the 3D representation of Brownian particles and consists on discretizing the Fokker-Planck

1
Pe,

Pel (6 - pp):| -v;\p*} — Vp - (Pj¥*) + 5— Vo U™ (A1)
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equation for Nx/N number of equations. The model is implemented using COMSOL Multiphysics live-linked with
MATLAB which uses the Finite Element (FE) method to solve the whole equations. The two-way coupling of fluid
and particles is taken into account using the weak formulation of the equations in the laminar flow physics interface.
The study of the numerical solution of the model is performed to verify the used model in a simple shear flow. We
compare the results with published data in the case of a homogeneous system by performing single-point calculations
(SPC) using the finite volume method. SPC calculation is performed by discretizing the half sphere of the unit radius
into NV = 120x120 area elements, whereas only N = 20x20 element areas are considered for the FE scheme. Starting
from the initially homogeneous concentration ¢(t = 0) = 1 and the initially isotropic orientation of the particles, the
orientation state is expressed as a function of total strain in Fig. 18. Aj; and Asy are proportional to the magnitude
of the alignment in the flow direction and velocity gradient direction, respectively, while A5 indicates the direction of
alignment. The model is simulated for Pe, = 10, Pe; = 10° (which has no physical effect on translational diffusion
except for stabilizing the numerical scheme) in a transient study for v = 30 without considering the hydrodynamic
and Brownian coupling effects. The concentration remains homogeneous (¢ = 1) during the study. Fig. 18 illustrates
a comparison between SPC and FE results, and using the IBOF closure. The FE results and the model using
the IBOF closure provide accurate dynamics and the appropriate steady-state values. This analysis confirms the
well-implementation of the FE code and the IBOF accuracy in this work.
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FIG. 18: Comparison of the IBOF closure approximation [26] with the FE and single-point calculations (SPC) of
the conformation tensor components in simple shear flow (4 = 1) with respect to strain ~.

Appendix B: Effect of translational diffusion on the rheological transient behaviors in Poiseuille flow

Fig. 19 shows the evolution of the shear stress profile along the y-direction for the mentioned time steps at various
Pe) numbers. The results indicate that the shear stress ¥, of the suspension is highest near the walls, where the
shear stress and the alignment of the particles are highest, and lowest at the center of the channel, where the shear
stress and the alignment of the particles are lowest. As Pe, increases, ¥, increases.

Figs. 20 and 21 present the normal stress differences for the mentioned translational Peclet numbers at the same
time steps. Due to the higher rod alignment at higher translational Peclet numbers, first normal stress differences
increase with the increase of Pe| . For Pe; = 107! and 1072, N; values are around zero. N exhibits negative values,
it has higher values around the center of the channel than near the walls. As time increases, No decreases until it
reaches the steady state. Increasing Pe | leads to lower values of Ny, at low Pe;, Ny remains around zero. Due to
the anisotropic nature of the suspension, normal stress differences develop. The particles initially take some time to
align and arrange themselves in the flow direction after the flow is initiated.
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FIG. 19: Effect of the translational Peclet number on the shear stress X,, along the y-direction for various Pe
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various Pe| numbers at different time ¢.
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