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We investigate the effects of fiber aspect ratio, roughness, flexibility, and volume
fraction on the rheology of concentrated suspensions in a steady shear flow using direct
numerical simulations. We model the fibers as inextensible continuous flexible slender
bodies with the Euler-Bernoulli beam equation governing their dynamics suspended in an
incompressible Newtonian fluid. The fiber dynamics and fluid flow coupling is achieved
using the immersed boundary method. In addition, the fiber surface roughness might lead
to interfiber contacts, resulting in normal and tangential forces between the fibers, which
follow Coulomb’s law of friction. The surface roughness is modeled as hemispherical pro-
trusions on the fiber surfaces. Their deformation results in a normal load-dependent friction
coefficient. Our simulations accurately predict the experimentally observed shear thinning
in fiber suspensions. Furthermore, we find that the suspension viscosity 7 increases with
increasing the volume fraction, roughness, fiber rigidity, and aspect ratio. The increase
in 7 is the macroscopic manifestation of a similar increase in the microscopic contact
contribution to the total stress with these parameters. In addition, we observe positive and
negative first N; and second N, normal stress differences, respectively, with |N,| < |N;], in
agreement with previous experiments. Last, we propose a modified Maron-Pierce law to
quantify the reduction in the jamming volume fraction by increasing the fiber aspect ratio
and roughness. Our results and analysis establish the use of fiber surface tribology to tune
the suspension flow behavior.

DOI: 10.1103/PhysRevFluids.8.044301

I. INTRODUCTION

Understanding the rheological properties of fiber suspensions is essential in many industrial
applications such as paper and pulp production, biofuel production, and material reinforcement,
to name a few [1-5]. These applications typically involve mixing, transportation, and handling
concentrated fiber suspensions. Therefore, an accurate prediction of the suspension rheological
properties is desirable to optimize these operations and prevent failures in industrial plants. How-
ever, fiber suspensions exhibit complex non-Newtonian behavior, such as the Weissenberg effect
[6,7], viscoelasticity [8], and shear thinning [9-11], which makes their flow difficult to predict
and control. A better understanding of the governing physical mechanisms and the effects of
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various controlling parameters on suspension rheology can help alleviate these difficulties. Over
the years, different parameters such as volume fraction, fiber aspect ratio, and flexibility have been
identified that directly influence the suspension rheology [12-15]. Typically, the fibers are assumed
to be perfectly smooth [12,14]. As a result, the details of interfiber interactions, especially surface
roughness, have been ignored. However, even the so-called smoothest fibers have microscopic
irregularities on their surfaces. These microscopic surface nonuniformities have been known to
affect the bulk suspension rheology in dense sphere suspensions significantly [16-20]. However,
their role in influencing fiber suspension rheology is not completely understood.

Fiber suspensions are classified as dilute, semidilute, or concentrated based on the number
nL?

density defined as %7, where {; is the number of fibers per unit volume and L is the length of
each fiber. In the dilute regime, i.e., ”VL < 1, interfiber interactions are negligible. Interestingly,

the stochasticity involved in the orientation changes of the fibers might result in a nonmonotonic
viscosity variation with volume fraction unlike in spherical particle suspensions [21]. In the
semidilute regime, 1 < ”Vﬁ < fj, where d the fiber diameter, interfiber interactions start to influence
the macroscopic properties and eventually become dominant in the concentrated regime ”7L3 > 5
The viscosity of semidilute suspensions of rigid fibers in a Newtonian fluid is a function of the
volume fraction but does not depend on the aspect ratio for sufficiently high shear rates [22]. The
experiments by Djalili-Moghaddam and Toll [23] found a nearly constant viscosity as a function of
the shear rate in the dilute regime, whereas shear thinning was observed in the semidilute regime. In
addition to the shear-rate-dependent viscosity, fiber suspensions also exhibit nonzero normal stress
differences. In a shear flow, an isolated fiber can introduce a nonzero normal stress difference, the
value of which is determined by the degree of instantaneous alignment of the fiber to the flow [24].
Parallel plate geometries have been used to measure the normal stress differences, Ny — N,, where
N; and N, are the first and second normal stress differences, respectively [9,25,26]. These studies
consistently reported a positive N — N,, which increased with increasing particle volume fraction.
Direct measurement of N; and N, observed an increase in their magnitudes when the aspect ratio
decreases [27,28].

In the semidilute and concentrated suspensions, the contribution of nonhydrodynamic interac-
tions, such as frictional contacts to the suspension stress, appears [12]. Therefore, the Jeffery’s
model [29] to calculate the stress and viscosity for dilute suspensions considering only hydro-
dynamic interaction does not hold in semidilute and concentrated regimes [30,31]. Including
contact interactions and the hydrodynamic interactions increases the viscosity and the first nor-
mal stress difference compared to the permissible range of Batchelor’s theory [24]. Batchelor’s
theory [24] considered only hydrodynamic interactions to calculate the stress in concentrated
elongated particle suspensions, and hence, under-predicts the increase in viscosity and the first
normal stress difference [32]. In suspensions, roughness might lead to contact and friction between
the fibers, which lubrication interactions should prevent for perfectly smooth fibers. Simulations
of concentrated fiber suspensions with aspect ratio 11-32 showed that the interparticle forces
are responsible for the existence of first normal stress differences [27,33]. Moreover, increas-
ing the interfiber friction coefficient between rigid fibers increases the fiber flocculation in the
suspension, consequently increasing the suspension viscosity [5]. However, the simplified model
of a constant friction coefficient employed in these previous studies does not capture the entire
physics. Experimental measurements have revealed that the friction coefficient is not constant but
varies with the normal force and the roughness of the fibers [34,35]. Hence, sophisticated models
rooted in a physical understanding of the friction coefficient are needed to accurately model the
interfiber contact dynamics. We utilize one such model in this study, as discussed in the later
sections.

Fiber shape is another important factor governing suspension rheology. Slightly increasing the
fiber curvature results in a change of the fiber rotation and a significant rise in the suspension
viscosity compared to a straight fiber [9,36]. These observations highlight the importance of fiber
geometry and hence fiber flexibility, in determining the suspension rheological properties. Simula-
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tions to understand the role of flexibility by modeling fibers as a chain of rigid elements that can
bend, stretch and twist observed a reduction in the period of fiber rotation with increasing flexibility
[37]. On the bulk scale, the same model observed a decrease in the suspension viscosity with the
fiber stiffness [36]. A decrease in the relative viscosity with the ratio of the shear rate to the stiffness
of the fibers was reported using a rod chain model [13]. However, this model [12,38] showed a
decrease in the relative viscosity with fiber stiffness in contrast with the simulation by Switzer et al.
[13]. Thus, there is a lack of consistency and accuracy in the simulation results on the effect of fiber
flexibility using the simple rod chain models. This suggests that more accurate modeling of fiber
dynamics is required to capture the effects of various parameters, especially fiber flexibility. This
can be achieved by modeling the fiber as a continuous object and is done in this study.

Transporting suspensions at high solid volume fractions is crucial to optimize processes and
save energy in many industrial applications. However, long-lasting, dense, and system-spanning
force chains can form at high solid volume fractions in frictional fiber flows, which strongly resist
the flow. Jamming happens when the volume fraction is so high that the viscosity diverges and
the suspension cannot flow irrespective of the applied high shear stress. Hence, it is difficult to
characterize and predict the rheological properties of suspensions near jamming, which is apparent
from the relatively small number of experimental studies for highly concentrated suspensions
of fibers. In particular, experiments have shown that the increase in the aspect ratio of rigid
fibers lowers the maximum volume fraction at which the suspension can flow [39]. They also
observed that close to jamming volume fraction (¢,,), the viscosity scales as (¢,, — ¢)~', where
¢ is the volume fraction of the suspension. The dependence of the jamming on the fibers’ surface
roughness and flexibility was mainly addressed in dry suspensions [40,41] using the discrete
element method, but hasn’t been studied for wet suspensions, which are the focus of this study.
Although understanding the suspension rheology at high volume fractions is of great industrial
importance, the effects of aspect ratio and surface roughness on the jamming transition in sus-
pensions of flexible fibers have not been quantified yet. We quantify these effects in the present
study.

The suspension microstructure is influenced by the various governing factors mentioned above,
and in turn, affects the bulk suspension rheology. Thus, understanding the relationship between these
governing parameters, suspension microstructure, and macroscopic rheological properties of fiber
suspensions is crucial to eliciting the underlying physical mechanisms governing the suspension
rheology. Researchers have endeavored to understand the influence of some of these factors on the
microstructure and rheological behavior of suspensions over the past decades, but we are still far
from understanding the underlying physical mechanisms completely. To this end, we propose a
numerical framework based on the immersed boundary method (IBM) [42] and the discrete element
method [19] to simulate the shear flow of fiber suspensions and compute their flow properties. Our
numerical model can predict the experimentally observed shear thinning behavior and quantify nor-
mal stress differences in fiber suspensions [23]. This numerical framework enables us to perform a
multidimensional parametric exploration to deconvolute and explicate the effects of fiber flexibility,
aspect ratio, volume fraction, and roughness on the bulk suspension rheological properties. The
governing equations and the numerical model are explained in the next section, followed by results
and a discussion of the effects of the governing parameters on the bulk rheological properties.
Finally, we elicit the functional forms of the dependence of the jamming volume fraction on the
governing parameters, which can be useful in optimizing the transport and handling of dense fiber
suspensions.

II. GOVERNING EQUATIONS AND NUMERICAL MODEL

In this section, we discuss the governing equations for the suspending fluid, fiber dynamics, and
interfiber interactions. We use the method and algorithm in Banaei et al. [14], which we briefly
discuss here. For detailed validation tests of the numerical method, the reader is referred to Banaei
et al. [14].
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A. Flow-field equations

We consider an incompressible Newtonian suspending fluid, the flow of which is governed by the
Navier-Stokes equations. In an inertial Cartesian frame of reference, the dimensionless momentum
and mass conservation equations for an incompressible fluid are

Ju |
—+V-u®u)=-Vp+ —V-u+f, (D
ot Re

V.-u=0, )

where u is the velocity field, p the pressure, and f the volume force to account for the suspending
fibers; Re = pyL?/n is the Reynolds number where p and 5 are the fluid density and dynamic
viscosity, L is the characteristic length scale which is also the fiber length, and y is the applied shear
rate. Details on the fluid-structure interaction force f are given in Sec. I C.

B. Fiber dynamics

We model the fiber as a continuous flexible slender body. The dynamics of a thin flexible fiber
are described by the Euler-Bernoulli Beam equations under the constraint of inextensibility [43].
The equation of motion for each fiber in dimensionless form is

-\ 02X 92X 9 (90X 3% [ 9’X A
(p—f)—z ﬂd+—<T—>——<B—)+—’°Fr§—F+Ff, 3)
pAy ) 0t? ot as s 952\ 0s? PAf g

where s is the curvilinear coordinate along the fiber, X = (x(s, t), y(s, 1), z(s, t)) is the position

of the Lagrangian points on the fiber axis, T the tension force along the fiber axis, Fr = g/(Ly?)

the Froude number with g the gravitational acceleration vector and g = |g|, B = % the dimen-

sionless bending rigidity with E the elastic modulus and I the second moment of inertia for fiber
cross-section, F the fluid-solid interaction force, F/ the net interaction force on the fiber due to
neighboring fibers, oy the fiber linear density (mass per unit length), and A the fiber cross sectional
area. Equation (3) is made dimensionless by the following characteristic scales: L for length,
U = yL for velocity, L/U,, for time, ,oonzo for tension, ,ongoL2 for bending and ,oonzo/L for
force. Ap = py — pA denotes the linear density difference between the fibers and the surrounding
fluid, with A p = 0 for the neutrally buoyant case. Finally, the inextensibity condition is expressed
as

X 0X
ds ds

“4)

C. Numerical method

The fluid-solid coupling is achieved using the Immersed Boundary Method (IBM) [42]. In the
IBM, the geometry of the object is represented by a volume force distribution f that mimics the
effect of the object on the fluid. In this method, two sets of grid points are needed: a fixed Eulerian
grid x for the fluid and a moving Lagrangian grid X for the flowing deformable structure as shown
in Fig. 1. Each fiber has its own Lagrangian coordinate system. In this study we assume the fibers
to be neutrally buoyant, so Eq. (3) is modified as

32X . 0?Xfuia 9 T X BE)“X FiF 5)
ar a2 as\ ds dst ’
where the left-hand side (LHS) term is the acceleration of the fiber, and the right-hand side (RHS)
consists of the acceleration of the fluid particle at the fiber location and the different forces acting
on the fibers. This is done to avoid the singularity of the coefficient matrix in the fiber equation of
motion [Eq. (3)] for the neutrally buoyant case, as reported by Pinelli et al. [44]. To solve for the
fiber position in Eq. (5), we first solve the Poisson’s equation for tension [45] obtained by combining
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FIG. 1. Schematic of the Eulerian and the Lagrangian grids. The black dots denote the Lagrangian points
through which the position of the fibers are defined.

Egs. (4) and (5), which is given as

X 92 Tax _19% (9X 9X 92X 92X 99X 8(F“+F”+Ff ) ©
ds 92\ as ) 202\ 9s ds 9rds 0tds  ds ds ’

where F¢ = 323‘% is the acceleration of the fluid particle at the fiber location and F? = —Baa%( is

the bending force. As the fibers are freely suspended in the fluid medium, we impose zero force,
torque, and tension at the free ends. So,
X 0 X 0 d7T =0 @)
—F =V, — =V, an = .
0s? as3
At each time step, the fluid velocity is first interpolated onto the Lagrangian grid points using the
smooth Dirac § function [46]:

Ui = / ux, )X —x)dV, ®)
v
The fluid and solid equations are then coupled by the fluid-solid interaction force,
U-—-U,
F = , 9
At ©)

where Uy, is the interpolated fluid velocity at the Lagrangian points defining the fibers, U is the
velocity of the Lagrangian points and At is the time step. The Lagrangian force is then extrapolated
onto the fluid grid as

f(x, 1) = %rz / F(x, 1)8(X — X)ds. (10)
L

Here r, = d /L, is the slenderness ratio of the fiber, which is the inverse of its aspect ration defined
as AR = L/d. The interaction force can be further split into F/ = F“ + F¢, where F and F¢ are
the lubrication correction, and contact interaction, respectively, as explained below.

D. Lubrication interactions

To accurately resolve the lubrication interactions between the fibers when the interfiber gap falls
below a few grid-sizes, we use the lubrication correction model of Lindstrom and Uesaka [5]. The
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lubrication force model is based on the solution for two infinitely long cylinders adapted to two
different configurations: parallel cylinders or at an arbitrary angle. The first-order approximation
of the lubrication force for the nonparallel case was derived by Yamane et al. [15] and is given as
follow:

—12 h
Fl] = . P
Resina h

Y

where & is the shortest distance between the cylinders, h is the relative normal velocity between
the closest points on the fibers, and « is the contact angle. The first-order approximation of the
lubrication force per unit length between parallel cylinders was derived by Kromkamp et al. [47]:

P — (a+a)(" 73/21'1
2_7tRer§ ! YAV ’

Ay =37/2/8, Ay = 2077+/2/160, (12)

here a is the cylinder radius (¢ = d/2). Based on Eqs. (11) and (12), the following approximation
of the lubrication force for two finite cylinders is [5]

F' = min (F|/As, F}). (13)

The force for the nonparallel case is divided by the Lagrangian grid spacing As to calculate the force
per unit length. The numerical method implemented to calculate the lubrication force is discussed
in Banaei et al. [14], and hence is not repeated here. As the distance between the fibers becomes of
the order of the mesh size, hydrodynamic interactions are not well resolved; to address this issue,
we introduce a lubrication correction force [5]. When the shortest distance between two Lagrangian
points becomes lower than d /4, we introduce lubrication correction as: F'¢ = F' — Fl), where F/ is
the lubrication force at a d /4 distance.

The lubrication forces diverge as the minimum interfiber separation decreases, and theoretically
should prevent the fibers from coming into direct contacts. However, the thin lubrication film
between close fibers can break because of the presence of irregularities on their surfaces leading
to a direct contact between the fibers and hence, contact forces. Direct contacts also give rise
to nonnegligible friction between the fibers. The following section provides an overview of the
implemented contact model.

E. Contact model

With increasing volume fraction, the surrounding fibers hinder the free rotation of nearby fibers,
giving rise to fiber-fiber contacts that influences the micro-structure. Hence, the importance of
accurately modeling the contact dynamics cannot be over-stressed, as routinely done when studying
dry fiber suspensions [40] and more recently spherical particle suspensions [19,48]. In recent years,
researchers have investigated the effects of interparticle contacts on the rheology of suspensions
by using experimentally validated models, which have been proven to be effective in quantitatively
reproducing many experimental findings [18,19,49]. Specifically, the single-asperity model of the
surface roughness has been widely used owing to its simplicity and effectiveness [18-20,48,50].
Hence, we take the same approach and model the asperity as a hemispherical bump on the fiber
surface as shown in Fig. 2(a). Actual asperities might not be just hemispherical and can come in
a variety of geometries [16]. However, on average we can model their behavior by approximately
assuming them hemispherical as routinely done in the tribology literature [51].

Let us consider two fibers as shown in Fig. 6(a) with diameter d and length L having surface
roughness height A,. The contact between the fibers occurs when the smallest interfiber separation
distance & becomes smaller than £,. As a result, the asperity deforms which results in forces normal,
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FIG. 2. (a) A sketch of the roughness model, L and d are the length and diameter of the fiber, respectively,
h, is the roughness height, and § = h — A, is the surface overlap. Contact occurs when é < 0. Dots along the
axes of the fibers indicate Lagrangian points. (b) Friction coefficient w as a function of the dimensionless
contact normal force [Eq. (16)].

F,, and tangential, F; to the fiber surface. The normal contact force is given by the Hertz law:

151\ %2
F, = _F(’(f) n, (14)

where ¢ is the surface overlap defined as 6 = h — h,, and Fj /L3/ 2 is the normal stiffness, which
is a function of the fiber material properties, and the roughness size [19,50]. We use F; as the
characteristic contact force scale in this study. The contact happens when § < 0. The Coulomb’s
friction law gives the tangential force:

F,
|’

where u is the friction coefficient. Several studies have assumed a constant friction coefficient
when numerically studying the dynamics of fiber suspensions [14,52]. In reality, the coefficient
of friction depends on many factors such as the fiber material and the roughness size, which are
implicitly included in the normal force via the normal stiffness Fy/L3/? [19,50]. Hence, a normal
load-dependent coefficient of friction is a more accurate physical description than a simple constant.
We use the Brizmer model [34] for u, which was derived from the measurements between a
hemisphere and a flat surface and validated using the finite-element analysis [34], which makes
it applicable to a wide range of materials and conditions [19,34,50]. It is given by

i 0.35
F,(,ll’J)
w = 0.27 coth 0.27(u> , (16)
Foy

F, = ulF,| 15)

where Fj is the characteristic contact force scale introduced in Eq. (14). Equation (16) is a decreasing
function of |Ff,"" ) |/Fy as illustrated in Fig. 2(b). Thus, the coefficient of friction decreases with
increasing the normal force between the contacting fibers [which is equivalent to increasing asperity
deformation in Eq. (14)] and attains a plateau at high normal loads. Moreover, to avoid overlap of
the fibers with the walls, we implement a repulsive force having the form of a Morse potential as

0 = De[eflﬂ(rffrf) _ Zefﬂ(rffre)’ (17)
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4

FIG. 3. Simulation setup of the shear flow of a fiber suspension. The top and bottom walls move with
velocities Uy, = y L in the directions shown by the arrows.

where D, is the interaction strength, 8 a geometric scaling factor, 7 the distance between a point on
a fiber and the wall, and r, the zero-cut-off force distance. The repulsive force between the elements
iand j is the derivative of the potential function,

dy
Fo=-d;, (18)

where d;; is the unit vector in the direction joining the contact point.

After calculating the short range interactions between fibers, the tension inside each fiber is
computed by solving Eq. (6). Then, the new fiber position is obtained by solving Eq. (5) and the fluid
equations are advanced in time. The fluid equations are solved with a second-order finite difference
method on a fix staggered grid. The equations are advanced in time by a semiimplicit fractional
step-method, where the second-order Adams-Bashforth method is used for the convective terms, a
Helmholtz equation is built with the diffusive and temporal terms, and all other terms are treated
explicitly [53].

F. Boundary conditions and Domain size

We investigate suspensions of flexible fibers in a Couette flow, by varying the volume fraction
(¢), aspect ratio (AR = L/d), flexibility (1/B), and roughness (¢,). The fibers are suspended in a
channel with upper and lower walls moving in the x-direction with opposite velocities of magnitude
U = yL. No-slip and no-penetration boundary conditions are imposed on the wall and periodicity
is assumed in the stream-wise (x) and span-wise (z) directions. The fibers are initially distributed
randomly. For this study, we consider a domain of size SL x 8L x 5L and 80 x 128 x 80 grid points
in the stream-wise (x), wall normal (y), and span-wise direction (z), respectively. The coordinate
system and the simulation setup is illustrated in Fig. 3. Simulations with bigger domain, higher
grid, and time resolution, e.g., 1.5, 2, 2.5, and 3 times the current domain, grid, and time resolution
show a negligible (less than 2%) change in the averaged steady state suspension viscosity. Finally,
17 Lagrangian points over the fiber length are enough to resolve the case with the highest fiber
flexibility. The required time-step to capture the fiber dynamics is At = 10~*. The suspension
is simulated until a statistically steady viscosity is observed and the mean values presented are
obtained discarding the initial transients.
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G. Stress and bulk rheology calculations

The bulk stress in the suspension quantifies the rheological properties of the suspension. The
total stress, X;;, can be written as

_ 30 f
Re 2
¥ - =° —p8ii + —e;; |V,
L 174 voyv, < Doij + Reej>
R R
s/ =Ry f oV — & / il dV. (20)
I~y v v ),

Here E?j is the viscous fluid stress and results in a dimensionless contribution of 1 (or ny in the
dimensional form) in a simple shear flow after subtracting the isotropic fluid pressure. Zlfj is the
stress generated by the presence of fibers and interfiber interactions. Moreover, V is the total volume,
V the volume occupied by each fiber, e;; = g—)’:j + % represents the strain rate tensor, u’ the velocity
fluctuations, and o;; is the fiber stress. The fiber stress o;; can be decomposed into two parts:

do;
O‘,’jdV = U[kande — ﬂxjdv, (21)
a
Vr Ay v, 00Xk

where A represents the surface area of each fiber and n is the unit surface normal vector on the
fiber pointing outwards. The first term is called the stresslet, and the second term indicates the
acceleration stress [54]. The second term is identically zero for neutrally buoyant fibers when the
relative acceleration of the fiber and fluid is zero. Because ojny is simply the force per unit area
acting on the fibers [24], it can be written for slender bodies as

/ oiXjmdA = —rﬁ / Fixjds, (22)
Ay L

where F; is the fluid solid interaction force as defined in Eq. (9). The term r? arises from choosing
the linear density instead of the volume density in the characteristic force scale. Finally, the total
fiber stress is defined as

Rer? 2 R
5h= 23" [ Fagds — — [ wadjav. (23)
i \% 1 L ” Vv v L)

From the results of our simulations, we observe that, the last term related to the velocity fluctuations
is very small compared to the stresslet and can be neglected for the range of Reynolds number
considered here. The calculated bulk stress tensor can now be used to quantify the rheological
properties of the suspensions. The relative viscosity 7, is defined as
Tetf
nr = %, (24)

where nesr is the effective suspension viscosity. The relative viscosity in terms of the bulk shear
stress is

nr=1+%4, (25

with foy being the ensemble averaged shear stress arising from the presence of the fibers, fluid-fiber,
and interfiber interactions. The first (N;) and second (N,) normal stress differences are defined as

N =3y — 3, (26a)
N, =%, — ... (26b)
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There are two main contributions to the bulk stress: (1) the hydrodynamic contribution Elhj and
(2) the contact contribution Xf;. These will be useful in the following sections for analyzing the
simulation results. The contact contribution can be calculated from the ensemble average of the
contact stresslet given by

2
Rerp

s / Fexds. @7
ij \% 21: . J

Thus, the hydrodynamic contribution can be simply obtained as Eihj = Zg- + (E‘ifj — Xf;). This
splitting of the total stress allows us to track the variations in the contributions from different
mechanisms to the observed rheological behavior of the suspension with varying parameters, e.g.,
nh = Eij, and n; = X{) are the hydrodynamic and the contact contributions to the relative viscosity

n,, respectively.

H. Simulation parameters

The aim of this study is to investigate the effects of dimensionless shear rate (I"), fiber volume
fraction (¢), flexibility (1/B), aspect ratio (AR), and roughness (¢,) of the fibers on the suspension
rheology in the presence of friction. First, we define the dimensionless numbers reported in this
study.

The relative importance of contact to the hydrodynamic forces can be estimated using dimen-
sionless shear rate, I" defined as

_ 6mndy
F

r , (28)
where y is the imposed shear rate, and n is the viscosity of the suspending fluid. To keep the
Reynolds number Re = pyL?/n constant, we vary I" by varying the characteristic contact force
scale Fp. It is well known that the rate-dependent rheology of suspensions is determined by the
competition between various stress (force) scales [55,56]. Hence, by changing the value of Fy, we
vary the relative contribution from the contact and hydrodynamic forces in the suspension. Typically,
Fy depends on the fiber material properties like Young’s modulus, elastic modulus, Poisson’s ratio,
etc. [34]. In some cases, this results in a very high value of Fj restricting the time-step size to
impractically small values (<10~7) making the simulations computationally expensive. Hence, to
resolve these numerical issues and gain some fundamental understanding, we vary Fy in orders
of magnitudes of the hydrodynamic stress scale, i.e., 6wnd?y, as routinely done for spherical
suspensions [18,48,49]. This automatically allows us to vary I', without changing the Reynolds
number. The dimensionless roughness height €, is defined as

,=—, 29
€ 7 (29)

where £, is the surface roughness height. The fiber bending rigidity B, which quantifies the fiber
flexibility is made dimensionless by the viscous stress scale as

EI

B= )
nyL*

(30)

In the literature, the fiber rigidity is quantified using the dimensionless bending rigidity (B)

[11,13,57], and/or bending ratio (BR) [12,27]. From their respective definitions, one can see that

they can be used interchangeably. The Bending ratio, BR (BR = w) is just a multiple of

the dimensionless bending rigidity, B. So, in this study, effects of varying the dimensionless bending
rigidity are equivalent to that observed by varying the bending ratio. This dimensionless bending
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TABLE I. Range of parameters explored in this study.

€, r ) AR B

0.005-0.10 1-1000 0.05-0.46 10-16 0.005-0.2

rigidity B is related to the bending rigidity B reported in Eq. (3) by

B= %rIZ,ReB. 31)
The volume fraction of the suspension is defined as
nry
¢ = v (32)

In summary, the functional form of the stress can be written as

Ty (nnrf, L h, EI 6nnd2;'/>

— =1Nr
ny

4v ' d’ d’ gyl* K
= n,(¢, AR, €, B, ). (33)

We simulate a shear flow by varying the fiber bending rigidity in the range 0.005 < B < 0.2, the
dimensionless roughness height in the range 0.005 < €, < 0.10, the dimensionless shear rate in the
range 1 < I' < 1000, and the aspect ratio in the range 10 < AR < 16. Note that the lower (higher)
B value corresponds to flexible (rigid) fibers. The range of parameters explored in the present work
are summarized in Table I.

III. RESULTS AND DISCUSSION

This section presents the results of the numerical simulations. Sections III A-III D focus on the
shear rate dependent behavior and explain the effects of varying the fiber volume fraction, aspect
ratio, flexibility, and roughness. Section III E presents the effects of the governing parameters on the
normal stress differences Ny and N,.

We make all the quantities dimensionless using the scaling mentioned in Sec. II. The suspension
is simulated until a statistically steady viscosity is observed and the mean values presented are
obtained discarding the initial transients as shown in Fig. 4. The structural solver has been validated
by comparing four distinct cases in a previous study [53], hence, not repeated here for brevity.

A. Shear-thinning and increase of n, with the volume fraction

We start with analyzing the computed relative viscosity, 1, as a function of the dimensionless
shear rate, I, for different volume fractions, as shown in Fig. 5(a). We observe that the viscosity
reduces with increasing the shear rate, indicating a shear thinning behavior. Eventually, it plateaus
at high shear rates. To quantify the degree of shear thinning, we use the following power law curve
fit to the simulation data:

n/(T) = k"™, (34)

Here k is the flow consistency index and m > 1 is the shear thinning index, which quantifies the
strength of the shear thinning effect. As shown in Fig. 5(a), with increasing the volume fraction of
the suspension, the magnitudes of k and n increase, indicating a rise in the shear thinning effect with
increasing the volume fraction.

Increase in the shear stress directly increases the magnitude of the normal force between the
fibers, which in turn results in the reduction of the friction coefficient according to Eq. (16). Hence,
with all other parameters maintained constant, we expect a drop in the coefficient of friction with
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FIG. 4. Transient viscosity from the initial state to the steady state flow. The roughness height is fixed to
€, = 0.05, bending rigidity to B = 0.07, aspect ratio to AR = 16, and volume fraction to ¢ = 15%.

increasing shear rate (which is directly proportional to the shear stress), leading to a decrease in
the relative viscosity, similar to the findings of More et al. [18]. This becomes clear when we look
at the average coefficient of friction (avg) as depicted in Fig. 5(b). piavg is the time average of the
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FIG. 5. (a) Relative viscosity 1, of fiber suspensions versus the dimensionless shear rate I" at different
volume fractions. The dashed line represents the power law fit as described in Eq. (34). The power law indices
for different volume fractions are: ¢ = 5%: k = 2.86, m = 0.156; ¢ = 10%: k = 7.58, m = 0.232; and ¢ =
15%: k = 26.47, m = 0.381. (b) Variation in the average coefficient of friction i, for the suspensions with
dimensionless shear rate for different volume fractions. The roughness height is fixed to €, = 0.05, bending
rigidity to B = 0.07 and aspect ratio to AR = 16 for all cases. The model implemented in this study can
reproduce the experimentally observed shear thinning behavior in suspensions of fibers.
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FIG. 6. (a) Hydrodynamic " and contact n¢ contributions to the relative viscosity for three different volume
fractions as in Fig. 5(a). Open symbols: hydrodynamic contribution. Closed symbols: contact contribution.
The sum of the hydrodynamic and contact contribution is the total relative viscosity as reported in Fig. 5(a).
(b) Ensemble averaged end-to-end distance L, of the suspended fibers as a function of dimensionless shear rate
for different volume fractions. The roughness height is fixed to €, = 0.05, bending rigidity to B = 0.07, and
aspect ratio to AR = 16 for all cases.

coefficient of friction, u, between all the contacting pairs in the suspension when the simulations
reach statistically steady state. This reduction in p,ye with I" results in a decrease in the dominant
contact contribution 7¢ to the bulk suspension viscosity as depicted in Fig. 6(a). However, a constant
friction coefficient results in a constant shear-rate-independent viscosity as showed in our previous
publication [58]. Moreover, the hydrodynamic contribution 7" to the relative viscosity also decreases
with I" adding to the shear thinning. We can explain the reduction of the hydrodynamic contribution
with shear rate by calculating the fiber deformation as reported in Fig. 6(b). As the shear rate
increases, fibers’ deformation decreases and they align more with the flow direction, eventually
decreasing the hydrodynamic contributions. Moreover, the orbit constant, C, when averaged over
the fibers in the suspension, is the measure of the orientation distribution. The ratio C/(C + 1) is
used to define Cj,, where

1
C= R tan QZ(ARZCOSZQy + Sinzgy)l/z’ 35)

where 6, is the angle of the fiber with respect to the span-wise direction (z axis), and angle 6, is
the angle between the gradient direction (y axis) and the projection of the fiber on the flow-gradient
(x —y) plane. The average orbit constant< C, > goes to 1 if all fibers are aligned in the flow—
gradient plane and equals zero if the fibres are aligned with the span-wise direction (z axis). Figure 7
shows that as the volume fraction increases, fibers align more strongly to the flow gradient plane,
similar to the findings of previous simulations [5,12,27]. Moreover, as the shear rate increases, fibers
also tend to align with the flow-gradient direction.

It is well known that the viscosity of suspensions increases with increasing the particle phase
volume fraction and it diverges at a certain maximum volume fraction beyond which the suspension
does not flow, the so-called the jamming fraction ¢,,. We observe the same behavior for fiber
suspensions in our simulations. With all other parameters held fixed, the suspension viscosity
increases with increasing the volume fraction as depicted in Fig. 8(a). The reason behind this
increase is the increase in the fiber contribution to the total stress with increase in their numbers per
unit volume. In our simulations, we quantify this contribution using Z{y as discussed in Sec. I1G.
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FIG. 7. The mean orbit constant < C;, > for different volume fraction. As the volume fraction increase,
fibers align more strongly in the flow gradient plane.

The fiber contribution to the total stress increases with the volume fraction due to the increase
in the average number of contacting fibers (< n. >) as also depicted in Fig. 8(a). < n, > is
the time average of the average number of fibers that come into contact with another fiber once the
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FIG. 8. (a) The average number of contacting fibers and viscosity variation vs volume fraction. (b) Hy-
drodynamic and contact contributions to the relative viscosity as a function of volume fraction. The average
number of contacting fibers increases with the volume fraction which in turn increases the relative contribution
from the contact interactions to the total viscosity. The green solid line in panel (a) represents the fitting with
a modified Maron-Pierce law [59] described as n, = a (1l — ¢/$,,)~?, with parameters o = 4.42, ¢,, = 0.22,
and B = 1. The dashed red line shows the jamming volume (¢,, = 0.22) for the current case where roughness
height was fixed to €, = 0.05, shear rate to I = 10, bending rigidity to B = 0.07, and aspect ratio to AR = 16.
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FIG. 9. (a) Relative viscosity 1, vs volume fraction ¢ for different aspect ratios AR. Solid lines are the
fitting curve using Eq. (36). The vertical dashed line shows the jamming volume fraction for different aspect
ratios. (b) Rescaled rheological data for different aspect ratios. All simulations were performed for a fixed
roughness €, = 0.05 and bending rigidity, B = 0.07. The jamming fraction reduces with aspect ratio for a

given shear rate. Rescaling the volume fraction by ¢,, leads to a collapse of the viscosity curves, indicating that
the aspect ratio determines the maximum volume fraction once the fiber flexibility and roughness are fixed.

simulations reach statistically steady state. The consequence of the increase in < n, > with ¢ is the
rise in the contribution of the hydrodynamic as well as contact interactions to the total viscosity as
shown in Fig. 8(b). While the hydrodynamic contribution increase weakly, the contact contribution
becomes significant and dominant at volume fraction greater than 5% because of the substantial rise
in < n. >. This observation underlines the impact of contacts in the rheology of fiber suspensions
in the semidilute and the concentrated regime.

The variation in 1, with ¢ can be captured by the the well known Maron-Pierce law [59],
which has been extensively used in the literature to model the behavior of smooth spherical particle
suspensions. However, to capture the behavior of rough suspensions, a modified Maron-Pierce law is
needed [19]. The following modified Maron-Pierce law [19,59] is used to fit the data in the Fig. 8(a):

n=a(l —¢/¢n)", (36)

with the coefficient «, the exponent g, and the jamming fraction ¢,, depending on the aspect ratio
and roughness of the fibers. As depicted by the solid lines in Fig. 8(a), Eq. (36) does a good job in
modeling the viscosity as a function of volume fraction. We find that the relative viscosity diverges
near the jamming transition with a scaling of (¢,, — ¢)~! in contrast with (¢,, — ¢)~2, the behavior
observed for a suspension of spheres [18-20]. The scaling obtained here for flexible fibers is (¢,, —
@), whereas for rigid fibers the scaling was found as (¢,, — ¢)~%% [39]. In the next subsection,
we turn our attention to the effect of the fiber aspect ratio on suspension rheology.

B. Increase in aspect ratio of the fibers reduces the suspension flowability

As shown in Fig. 8(a), the average number of contact for a fiber increase with increasing
volume fraction. The same is true with increasing the fiber aspect ratio, AR [60]. In a concentrated
suspension, elongated fibers have a larger probability of interfiber contacts. As a result, there is an
increase in the contact force which leads to a caging effect. Thus, the viscosity increases with the
aspect ratio for a fixed volume fraction as shown in Fig. 9(a). As a result, the viscosity diverges at
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TABLE II. Fitting parameters for different aspect ratios for a fixed roughness height, €, = 0.05, bending
rigidity, B = 0.07 and dimensionless shear rate, I' = 10.0. 8 = 1 for all cases.

AR o b

10 1.54 0.47
12 2.58 0.42
14 3.24 0.32
16 4.42 0.22

a critical volume fraction ¢,, that depends on the aspect ratio as shown in Fig. 9(a). The solid lines
demonstrate the best fit with Eq. (36). The values for « and ¢,, obtained after fitting are presented
in Table II. From the data, we observe a reduction of ¢,, from ~0.47 to ~0.22 with increasing the
fiber AR from 10 to 16 for suspensions with ¢, = 0.05, and B =0.07. Figure 9(b) shows the data
after rescaling the volume fraction by ¢,,, which leads to a collapse of the data indicating that it is
the distance of ¢ from the jamming fraction ¢,, that determines the suspension rheology. Hence,
¢ /b, can be used as a design parameter for tuning the fiber suspension rheology, as it is easier to
measure and control compared to other parameters, like size distribution, roughness, and friction in
real-world suspensions. In the next subsection, we focus on the effect of roughness of the fibers on
the suspension rheology.

C. Roughness increases suspension viscosity

In Fig. 10, we present snapshots of a thin slice in the middle of the simulation cell for suspension
of fibers with roughness ¢, = 0.005 and €, = 0.05. We observe that at high surface roughness fibers
tend to agglomerate more compared to smooth fibers, increasing the overall flow resistance of the
suspension. We quantify the effect of roughness by showing the increase in relative viscosity with
roughness for a suspension with 15% volume fraction at three different shear rates. The increase
of viscosity with roughness is higher at low shear rates than at high shear rates. This is directly
linked to the steep variation of w at low normal loads and it attaining a plateau at high normal
loads [Eq. (16) and Fig. 2(b)]. The stress, which directly determines the normal force between the
contacting fibers, is low at low shear-rate values. Hence, even a small change in the roughness size
results in a large change in the friction at low shear rates as depicted by the variation of the average
value of the friction coefficient, v, displayed in Fig. 11(b). On the contrary, at high shear-rate
values, © does not change much with increasing the roughness as it attains a plateau [Eq. (16)].
The increase in the friction as shown by the increase in 1,y With roughness in Fig. 11(b) is the
reason behind the increase in the suspension viscosity with fiber roughness. The consequences
of the rise in the average interfiber friction with roughness can be understood by analyzing the
different contributions to the total relative viscosity in the suspension as shown in Fig. 11(c).
Here, we report the contribution of contact and hydrodynamic interactions to the total viscosity at
different values of roughness ¢, for a fixed shear rate, I' = 10. As the fiber roughness increases, the
contribution of contact forces to the total viscosity increases significantly, while the hydrodynamic
contribution increases weakly. We display the smooth and rough fibers colocated with centers at
the origin in Fig. 12. Increasing the roughness height (e, = 0.05) causes larger deformation of
the fibers compared to the smooth fibers (¢, = 0.005); increasing the hydrodynamic contribution.
Moreover we note that the fibers’ alignment with the flow direction does not change much with
roughness.

As increasing the fiber roughness leads to an increase in the suspension viscosity, we expect the
jamming fraction to reduce with increasing the fiber roughness. The effects of varying the roughness
size €, from 0.01 to 0.10 for a fixed aspect ratio AR = 12 is shown in Fig. 13(a). Again, the modified
Maron-Pierce law [Eq. (36)] is used to quantify the effects of roughness on the jamming fraction
¢, and the coefficient . The fitting parameters are presented in table III, whereas the solid lines in
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(a) (b)

FIG. 10. Simulation snapshots at a thin slice in the middle of the simulation cell after shearing to a shear
rate of I' = 10 with bending rigidity, B = 0.07, aspect ratio, AR = 16, and roughness height, (a) €, = 0.005,
(b) €, = 0.05. Rough fibers tend to agglomerate more compared to smooth fibers.

Fig. 13(a) represent the fitting curve given by Eq. (36). We find that the relative viscosity diverges
near the jamming transition with a scaling of (¢,, — ¢)~!, similarly to the cases with different aspect
ratios discussed above. These results confirm that the jamming fraction decreases with increasing
the roughness size. For the smoothest case, ¢, = 0.01, we find ¢,, = 0.48, whereas for the roughest
case, €, = 0.1, ¢, is as low as 0.41. The decrease in ¢,, is due to an increase in the effective
volume with the roughness height that results in a denser contact network [18,19]. It eventually
leads to an increase in the viscosity and a decrease in the jamming volume fraction as shown in
Fig. 13(b). From these findings, we can conclude that to increase the flowability of concentrated
fiber suspensions, we need to break down longer fibers into smaller ones and make their surfaces
smoother.

TABLE III. Fitting parameters for different roughness values for a fixed aspect ratio, AR = 12, bending
rigidity, B = 0.07 and dimensionless shear rate, I' = 10.0. B =1 for all cases.

€ o O

0.01 1.51 0.48
0.02 2.10 0.45
0.03 2.50 0.43
0.05 2.58 0.42
0.10 3.50 0.41
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FIG. 11. (a) The relative viscosity of fiber suspension vs the roughness height, and (b) variation in the
average coefficient of friction between fibers in the suspensions with roughness at three different shear rates.
For these simulations volume fraction is fixed to ¢ = 15%, aspect ratio to AR = 16, and bending rigidity to B =
0.07. The relative viscosity increases with the increase in the surface roughness of the fibers as a consequence of
increase in the f1,y,. (c) Contribution to the total relative viscosity from contact and hydrodynamic interactions
at a fixed shear rate, I = 10.

D. Effects of fiber flexibility

Flexible fibers, like deformable spheres, align with the flow direction more easily than stiff fibers
as shown in Fig. 14, thus causing lower resistance to their flow compared to rigid fibers. As a result,
flexible fiber suspensions have lower viscosity compared to rigid fiber suspensions as demonstrated
in Fig. 15(a), in agreement with experiments [9,13,26]. However, simulations with fibers modeled
as chains of beads had predicted a rise in the suspension viscosity with an increase in the fiber
flexibility [12], which is inconsistent with experiments [9,26]. The bending and twisting of the
individual beads at their joints cause additional stresses than for continuous fibers that can only
bend, and hence, result in the observed rise in suspension viscosity with flexibility. The splitting of
the total relative viscosity in the hydrodynamic and the contact contributions reveals the impact of

044301-18



RHEOLOGY OF CONCENTRATED FIBER SUSPENSIONS ...

0.5F

-0.5k
-0.5

(@) (b)

FIG. 12. Colocated fibers projected on the shear plane for roughness (a) €, = 0.005, and (b) €, = 0.05. The
solid red line represents the circles with diameter equal to the fiber length, the blue dashed line is the circle
with diameter equal to the mean end to end distance and the black circles have diameter equal to the minimum
end to end distance between fibers. The solid black line shows the average orientation of the fibers with respect
to the wall. All simulations were performed with dimensionless shear rate " = 10, volume fraction ¢ = 15%,
aspect ratio AR = 16, and bending rigidity B = 0.07.

fiber flexibility on the fiber dynamics as depicted in Fig. 15(b). An increase in the fiber flexibility
(B decreases) increases the hydrodynamic contribution. As a result, flexible fibers (lower B) tend
to be curved instead of maintaining a straight shape as shown in Fig. 15(c), where we present time
and ensemble averaged end-to-end distance L, of the suspended fibers as a function of their bending
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FIG. 13. (a) Relative viscosity vs volume fraction for different surface roughness values. Solid lines are
the fitting curves using Eq. (36). The vertical dashed line shows the jamming volume fraction for different

roughness heights. (b) The jamming volume fraction vs roughness height. All simulations were performed for
a fixed bending rigidity, B = 0.07, aspect ratio, AR = 12 and dimensionless shear rate, I = 10.0.
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FIG. 14. Colocated fibers projected on the shear plane for bending rigidity (a) B = 0.10, (b) B = 0.07. The
solid red line represents the circles with diameter equal to the fiber length, the blue dashed line is the circle with
diameter equal to the mean end to end distance and the black circles have diameter equal to the minimum end
to end distance between fibers. The solid black line shows the average orientation of the fibers with respect to
the wall. All simulations were performed with dimensionless shear rate = 10, roughness €, = 0.005, volume
fraction ¢ = 15%, and aspect ratio AR = 16. Increasing flexibility aligns the fibers with the flow.

rigidity for different shear rates. A curved fiber has a larger tumbling frequency than a straight
fiber, and therefore, develops larger hydrodynamic stresses [61]. It is also clear that the contact
contribution, which dominates the hydrodynamic contribution, increases with the fiber rigidity and
is the main responsible for the higher relative viscosity at higher bending rigidity.

E. Normal stress differences

In fiber suspensions, normal stress differences inevitably arise due to the presence of hydrody-
namics and interparticle interactions [57]. We present the effect of fiber flexibility on the first (V)
and second (N,) normal stress difference in Fig. 16. The first normal stress difference NV, is positive
as shown in Fig. 16(a), in agreement with previous studies [27,57]. We notice that as the fiber
rigidity increases, the first normal stress difference starts to decrease, in agreement with experiment
reported by Keshtkar er al. [57]. As the fiber rigidity increases further, we observe that there is
a weak minimum for the lowest shear rate, which is also in agreement with previous reported
theoretical [24] and computational studies [12]. Furthermore, the location of minimum N; shifts
toward larger B as the shear rate in increased. Moreover, we note that to find critical bending ratio at
different shear rate, we need to explore very stiff fibers like Wu and Aidun [12], however that is out
of scope for our current study due to time step constrain. However, the second normal stress N, is
negative as shown in Fig. 16(b). Moreover, the magnitudes of N, decrease as the fibers become more
rigid, with a more (less) pronounced decrease at lower (high) shear rates. Several studies with rigid
fibers observed a much smaller second normal stress compared to the first normal stress which can
therefore be neglected in different applications [25,26]. On the contrary, experimental and numerical
study of rigid fibers by Snook et al. [27] indicated nonnegligible second normal stress difference,
which is approximately half of the first normal stress difference. We observe that the magnitude of
N, is smaller than that of N, reported in Fig. 16. Finally, Fig. 17 presents the variation of N; and N,
with the shear rate I for 15% volume fraction for smooth (e, = 0.005) and rough (¢, = 0.05) fiber
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FIG. 15. (a) Relative viscosity vs bending rigidity at three different shear rates, (b) the contributions to
the total relative viscosity from contact and hydrodynamic interactions for I' = 10, and (c) ensemble averaged
end-to-end distance L, of the suspended fibers as a function of their bending rigidity for different shear rates.
All the cases consider have volume fraction ¢ = 15%, roughness €, = 0.05, and aspect ratio AR = 16. Increase
in the viscosity with the bending rigidity is consistent with experiments [9,26].

suspensions. We notice that N, increases with the roughness height, whereas N, does not change
noticeably, similarly to the case of suspensions of rough spheres [19].

IV. CONCLUSION

We performed numerical simulations to investigate the rheological behavior of concentrated
fiber suspensions for a range of volume fraction ¢, aspect ratios AR, bending rigidity B, and
roughness €,. We modeled fibers as one-dimensional in-extensible slender bodies suspended in an
incompressible Newtonian fluid. The fiber dynamics is resolved using the Euler-Bernoulli beam
equation, while the immersed boundary method is utilized to resolve the fluid-fiber interactions. In
addition, we modeled the fiber roughness as a hemispherical asperity on the fiber surface. As the
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FIG. 16. (a) The dimensionless first and (b) second normal stress as a function bending rigidity for different
shear rates. Here volume fraction ¢ = 15%, roughness €, = 0.05, and aspect ratio AR = 16 are fixed. The first
normal stress difference is positive and decreases as the fibers become more rigid; in agreement with the
observation of Keshtkar et al. [57]. The second normal stress is negative with a decreasing magnitude with
increasing fiber rigidity.

fibers come into contact, the asperity deforms giving rise to normal and tangential contact forces and
consequently friction. We used Coulomb’s law of friction with a friction coefficient y decreasing
with the normal contact force as a more accurate description than a constant coefficient of friction.
Such a load-dependent friction coefficient has been measured experimentally and confirmed using
a finite-element analysis [34]. The numerical model presented here can quantitatively capture the
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FIG. 17. Variation of N; and N, with shear rate for ¢ = 15% with a constant bending rigidity, B = 0.05 (O
for ¢, = 0.005 and < for €, = 0.05). Filled symbols are for N; and hollow symbol are for N,. All simulations
were performed with volume fraction ¢ = 15% and aspect ratio AR = 16. This graph indicates that the surface
roughness increases N; while the N, stays nearly constant.
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experimentally observed shear thinning in fiber suspensions [11] as well as the variations in normal
stress differences with different governing parameters.

Our results show that the suspension relative viscosity 7, increases with increasing volume
fraction ¢, roughness ¢,, and bending rigidity B. As volume fraction increases, the average number
of contacting fibers < n. > increases and hence, the relative contribution from contact interactions
to the bulk stress increases. This causes the observed rise in the relative viscosity. The increase in
relative viscosity with roughness is mainly attributed to the increase of the contact-force contribution
to the total stress due to the rise in the average coefficient of friction, pi4e. This also results in an
increase in the normal stress differences Ny and N,. Because of the steep variation of the friction
coefficient with the normal load [see the experimentally validated friction model in Eq. (16)] at
low normal loads (hence, low stress in the suspension), a greater increment in relative viscosity
n, with roughness ¢,, volume fraction ¢, and bending rigidity B at lower shear rates is observed.
However, the friction coefficient u attains a plateau at high normal loads (hence, high stress), which
also results in a flattening of the relative viscosity 1, with roughness, volume fraction, and bending
rigidity at higher shear rates.

We have presented the macroscopic flow properties of the suspensions and discussed the stress
budget as well as fiber deformation for varying the fiber rigidity and roughness. Our results show
that more rigid fibers resist deformation and do not align with the flow. As a result, they create
less ordered structures which increase the resistance to the shear flow, consequently increasing
the suspension viscosity. Moreover, we find that fibers deform more when their surface roughness
increases, an effect similar to that observed when increasing the fiber flexibility; however, rough
fibers do not align with the flow as flexible fibers. As a result, the relative viscosity increases with
increasing roughness, but it decreases when increasing the fiber flexibility. So, even though the
mesoscopic effect (fiber deformation and alignment) of these microscopic parameters (flexibility
and roughness) is the same, they results in a different macroscopic flow behavior. Furthermore, our
results for the normal stress differences showed that the first normal stress difference is positive and
the second normal stress difference is negative, which is consistent with previous studies [27,57].
Flexible fiber suspensions have a larger magnitude of the first and second normal stress differences,
also in agreement with available experiments [57].

We also explored the divergence of the relative viscosity as the suspension volume fraction
approaches the maximum flowable limit, i.e., the jamming fraction ¢,,. We presented a modified
Maron-Pierce law to quantify the effects of the governing parameters on ¢,,. In particular, we show
that increasing aspect ratio and roughness decrease jamming fraction. Rescaling volume fraction
by jamming fraction collapses the relative viscosity data for varying aspect ratio on a single curve
denoting that changing the fiber aspect ratio principally affects the maximum volume fraction if the
roughness is fixed. The decrease in the jamming volume fraction with aspect ratio is attributed to the
increase in the number of contacts and the contact forces, which in turn increases the stress in the
suspension at the same shear rate. We also quantified the jamming fraction for different roughness
heights. As the roughness height increases, the suspension jams at a lower volume fraction. With
an increase in the roughness height, the effective volume fraction increases, resulting in a denser
contact network. As a result the average coefficient of friction increases, which in turn reduces
the jamming volume fraction. We found the viscosity to diverge as (¢,, — ¢)~', in contrast with
spherical suspensions, where viscosity diverges as (¢,, — ¢) 2.

Our results demonstrate the importance of accurately modeling the interfiber interactions to
capture the experimentally observed shear-rate-dependent rheological behavior of fiber suspensions.
We showed that the fiber tribology governs the suspension flow behavior. Since it is challenging to
modify the coefficient of friction, we can modify the fiber surface properties that influence the
friction (e.g., roughness) to tune the suspension flow properties. Additionally, we found that to
have higher solid concentrations, desired in industrial applications, we should breakdown the fibers
into smaller ones, pretreat them to be more flexible, and to make the surface smoother. Finally,
the monoasperity contact model implemented here could be refined by taking into account a finite
number of asperities, possibly growing with the load. In addition, it will be an interesting study to
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find how the model to predict anisotropic diffusivity changes from previous study [62] when the
effect of friction is considered for numerical simulations of dense fiber suspension. More generally,
due to the complexity of the friction forces at the microscopic scale and the number of parameters
that are potentially relevant in the surface physical chemistry, the next step would be to quantitatively
determine the frictional law from colloidal probe AFM measurements.
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