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Abstract

In this thesis, we investigate the dynamics of dilute and semi-dilute suspen-
sions of flexible fibers in turbulent channel flow. Fibers are longer than the
Kolmogorov length scale of the carrier flow, and their velocity relative to
the surrounding fluid is non negligible. Our first aim is to examine the effect
of local shear and turbulence anisotropy on the translational and rotational
behaviour of the fibers in a dilute regime, considering different elongation
(parameterized by the aspect ratio, A) and inertia (parameterized by the
Stokes number, St). We use a Eulerian-Lagrangian approach based on direct
numerical simulation of turbulence. Fibers are modelled as chains of sub-
Kolmogorov rods (referred to as elements hereinafter) connected through
ball-and-socket joints that enable bending and twisting under the action of
the local fluid velocity gradients. Velocity, orientation and concentration
statistics, extracted from simulations at shear Reynolds number Re, = 300
(based on the channel height) are presented to give insights into the complex
fiber-turbulence interactions that arise when non-sphericity and deformabil-
ity add to inertial bias. These statistical observables are examined at vary-
ing aspect ratio (namely A, = [./a = 2 and 5, with [, the length of each
rod-like element r composing the fiber and a its cross-sectional diameter)
and varying fiber inertia (considering values of the element Stokes number,
St = 1;5;30). To highlight the effect of flexibility, statistics are compared
with those obtained for fibers of equal mass that translate and rotate as
rigid bodies relative to the surrounding fluid.

Flexible fibers exhibit a stronger tendency to accumulate in the very-near-
wall region, where they appear to be trapped by the same inertia-driven
mechanisms that govern preferential concentration of spherical particles and
rigid fibers in bounded flows. In such region, bending of flexible fibers with
small inertia (resp. large) inertia is enhanced (resp. reduced) by mean
shear and turbulent Reynolds stresses. Preferential segregation into low-
speed streaks and preferential orientation in the mean flow direction is also
observed.

Another objective of the present work is to examine the behaviour of a
semi-dilute suspension in the same flow configuration in order to highlight
the effect of considering higher volume and mass fractions. To do so, we
add a term in the Navier-Stokes equations, to represent the feedback force
applied by the fibers on the surrounding fluid (two — way coupling). The
statistics examined refer to fluid velocity and its RMS are extracted from
simulations at shear Reynolds number Re,. = 300 for fibers A\, = 2;5 and
and St, = 30. To highlight two — way coupling effects, statistics are com-



pared with those obtained for fibers in the dilute regime.

The first and the second-order moments of the fluid velocity field are not
modified substantially, whereas some quantitative change is observed in the
statistics of wall-concentration and segregation: Fibers in the semi-dilute
regime concentrate less in the near-wall region.

Some effect is observed also in the near-wall region, where bending of flex-
ible fibers found to be slightly higher in the dilute regime. As could be
expected, no significant two — way coupling effect is observed in the center
of the channel.



Contents

1 Introduction 1
1.1 Layout of the thesis . . . . . ... ... ... ... ...... 6

2 Methodology 7
2.1 Fluid Flow Equations . . . . ... ... .. ... ....... 8
2.1.1 Non-dimensional Formulation . . . . . .. .. ... .. 8

2.1.2  Vorticity-Velocity Formulation . . . ... .. ... .. 10

2.1.3 Fluid Flow Equations in Spectral Space . . . ... .. 11

2.1.4 Discretization of Fluid Flow Equations . . . . . . . .. 13

2.2 Equations of Motion for a Flexible Fiber . . . . . . . . . . .. 18

2.2.1 Hydrodynamic viscous forces and torques (Stokes Limit) 22
2.2.2  Hydrodynamic viscous forces and torques for finite

Repr o o o o oo o 24

2.2.3 Bending Stiffness . . . ... ... oo 25
2.2.4  Constraint Equation . . . . .. ... ... ... ... 26
2.2.5  Temporal discretization of fiber equations . . . . . . . 28

2.3 Fiber Equations in Non-Dimensional Form . . . . . . . .. .. 30
24 Two-way Coupling . . . . .. ... .. ... ... .... 31
2.4.1 Implementation of two-way coupling . . . . ... ... 31

2.5 Validation . . . . . .. ..o 34
3 Dilute Suspension of Flexible Fibers 37
3.1 Summary of Simulations . . . . . ... ... ... 37
3.2 Results and Discussion . . . . .. .. ... ... L. 39
3.2.1 Velocity Statistics . . . . ... ... ... ... . ... 39

3.3 Orientation Statistics . . . . . . . .. ... .. L. 44
3.4 Preferential Concentration and Near-Wall Segregation . . . . 46
3.5 Bending . . . ... 50
4 Semi-Dilute Suspension of Flexible Fibers 65
4.1 Summary of the Simulations . . . . . .. .. ... ... ... 65
4.2 Results and Discussion . . . . .. ... ... ... L. 66
4.3 FluidResults . . ... .. ... ... o L 68
4.4 Wall-normal Concentration and Near-wall Segregation . . . . 72
4.4.1 Velocity Statistics . . . . ... ... 0L 75

4.5 Orientation and Bending Statistics . . . . ... ... ... .. 78

5 Conclusions 83



Contents

6 Appendix 85
6.1 WallRebound . . . . . .. .. ... ... L. 85
6.2 Poisson Equation for a Versor . . . . . ... ... ... .... 85
6.3 Inertia Tensor . . . . . . . . . . . . .. .. ... ... ..., 87

6.3.1 Inertia of a Rotating Cylinder . . . . . . .. ... ... 88
6.4 Block-Tridiagonal Matrices Resolution . . . . . . .. ... .. 90
6.5 Reynolds number analysis . . . . . .. ... ... .. ... .. 92
6.6 Drag Torques for Finite Rep,. . . . . . . . .. ... .. ... 93
6.7 Fiber Equations in Non-Dimensional Form . . . . . . . . . .. 95
6.8 Temporal Discretization of Fiber Equations in Non-Dimensional

Form . . . . . ... 96

A Publications, courses and projects 99
A.1 Referred Journals . . . . . .. . ... ... 99
A.2 Referred Conferences . . . . . . . .. ... ... ... ..., 99
A.3 Advanced Courses . . . . .. .. .. ... ... 100

Bibliography 101



1.1

2.1
2.2
2.3
24
2.5

2.6

2.7
2.8

3.1

3.2

3.3

3.4

List of Figures

Comparison between the vorticity applied on a rigid fiber and

on an equivalent flexible fiber . . . . . . ... ... ... ... 4
Reference geometry for the channel flow DNS . . . . . .. .. 9
Reference geometry for the flexible fiber . . . . . . ... ... 18
Forces applied on the element r of the fiber. . . . . . ... .. 19
Torques applied on the element 7 of the fiber. . . . . . .. .. 19

Inextensibility cinematic constraint on the hinge between the
elements rand r+1.. . . . . .. Lo oo 19

Hydordinamic equivalence for Re,.. < 0.1 between a cylinder
and an ellipsoidal particle throught empirical formula of Cox
(1971) . o oo 23

Drag coefficient for a fiber element. . . . . . . ... ... ... 26

Time deformation of a flexible fiber in a shear flow, the
present model (straight lines) is compared with the gears
model developped by Delmotte et al. (2015) (circles) . . . . . 34

Instantaneous distribution of St, = 5 fibers in turbulent
channel flow. For visualization purposes, only fibers in the
slab 698 < zT < 1306, 297 < y* < 705, 0 < z+ < 150 are
shown. Colormaps at the sides of the slab show the stream-
wise fluid velocity distribution (red: higher-than-mean veloc-
ity, blue:lower-than-mean velocity . . . . . . . .. ... .. .. 40

Fiber mean streamwise velocity, (v ). Subscript G indi-
cates that the velocity at the fiber’s center of mass G is
considered. For comparison purposes, also the mean fluid
velocity seen by the fibers is shown. Panels: (a) St, = 1;
(b) St,. = 5; (¢) St, = 30. Symbols represent fluid velocity
interpolated at point G, solid and dashed lines represent fiber
velocity, dotted lines represent the Eulerian fluid velocity. . . 41
Fiber element’s mean Reynolds number, Re, . Solid lines:
A = 2;dashed lines: A\, =5. . .. ... ... ......... 42
Fiber mean spanwise angular velocity, (wy ). Subscript G
indicates that only the velocity at the fiber’s center of mass G
is considered. Panels: (a) St, = 1; (b) St, = 5; (c¢) St, = 30.
Lines and symbols are as in Fig.[3.2] . . ... ... ... ... 43



List of Figures

3.5

3.6

3.7

3.8

3.9

3.10

3.11

3.12

3.13

Fiber mean orientation in the streamwise and wall-normal
directions, (05 ) and (0,,q), respectively. Subscript G in-
dicates that the orientation of the fiber’s center of mass is
considered. Panels: (a), (b) St, = 1; (c), (d) St = 5; (e),
(f) St, = 30. Solid lines represent the orientation of fibers
in a near-wall slab of thickness 0 < 2zt < 50yg with dy g the
thickness of the viscous sublayer. Symbols represent the ori-
entation of fibers in a core-flow slab of thickness 56y < 2T < h. 45

Profiles are taken at time ¢t = 1250. Panels: (a) St, = 1;
(b) St, =5; (¢) Sty =30. « o o 47

PDF of the fluid velocity fluctuations sampled at the position
of the fiber’s center of mass G in the near-wall region (in a
fluid slab Az* = 30 thick). Panels: (a) St, = 1; (b) St, = 5;
(¢) St, =30. . . . 48

Instantaneous fiber distribution in the near-wall region. For
visualization purposes, only the St,. = 5 fibers with A\, =5
in the slab 0 < z* < 30 are shown. The colormap shows
the streamwise fluid velocity fluctuations (red: high- speed
streaks with uG > 0, blue: low-speed streaks with uG <
0). Panel (b) is a close-up view of the rectangular region
highlighted in panel (a). . . . .. ... ... ... .. ..... 49

Instantaneous distribution of St, = 5 fibers in turbulent
channel flow. For visualization purposes, only fibers in the
slab 698 < =T < 1021, 297 < yt < 559, 0 < 2T < 120
are shown; the fluid structures in blue represents the Q-
criterion in the range [—0.05, —0.008]. Colormaps at the sides
of the slab show the streamwise fluid velocity distribution
(red: higher-than-mean velocity, blue:lower-than-mean velocity 51

Dimensionless time behaviour of fiber end-to-end distance,
L*. Panels: (a) St, =1; (b) St, =5; (¢) St, =30. . . . ... 52

Dimensionless fiber end-to-end distance, LT. Panels: (a)
St.=1; (b) St, =5; (¢) St,=30. . ... ... ... ... 53

Correlation of the fluctuation velocity of the fluid in particle
position Corr(u,(t1), (tT). Panels (a): St, =1, A\, = 2; (b)
St. =1, A, =5; (¢) St, =30, A, =2; (d) St, =30, \, =5 . 55

Dimensionless time behaviour of fiber end-to-end distance,
L™, using a ’lagrangian evolution approach’. Rows: (a), (b)
St = 1; (¢), (d) St, = 5; (e), (f) St, = 30. Columns: (a),
(c), () Ap =25 (), (), () \p =5, o o o o oo 56



List of Figures

3.14 Scatter plot of the correlation between the fiber end-to-end
distance, L;{ — LT, and the mean solid angle between adja-
cent fiber elements, (o). The solid line represents the mean
value of the correlation. Errorbars represent the standard
deviation from the mean. Rows: (a), (b) St,. = 1; (¢), (d)
St = 5; (e), (f) St, = 30. Columns: (a), (c), (e) A\r = 2;
(b), (d), () Ap =500 o o o

3.15 PDF for the solid angle « in the near wall region and in the
center of the chanel. Panels: (a) St, = 1; (b) St, = 5; (¢)
St =30. . . .

3.16 Correlation between () and (Qg,,) for fibers with St, =
1. Upper panels refer to the near-wall region, lower panels
related to the bulk region; left A\, =2, right A, =5 . . . . ..

3.17 Correlation between () and (Qg,,) for fibers with St, =
5. Upper panels refer to the near-wall region, lower panels
related to the bulk region; left A, = 2, right A, =5 . . . . ..

3.18 Correlation between (a) and (Qg,,) for fibers with St, =
30. Upper panels refer to the near-wall region, lower panels
related to the bulk region; left A\, =2, right A, =5 . . . . ..

3.19 Fiber constraint force in axial and orthogonal direction of
the fiber, X, - 0, and X, x o, respectively. Panels: (a), (b)
St = 1; (¢), (d) St. = 5; (e), (f) St, = 30. Columns: (a),
(c), (e) Xy 055 (d), (d), (f) Xy XOpe v v v v v v v oo

4.1 Instantaneous (tt =~ 1200) plot of the @ — criterion (iso-
surface @ ~ —0.01) in the x — z plane. For visualization
purposes, only the flow field related to fibers with St, = 30
and A, = 2 in the slab 450 < y* < 500 is shown. Panels: (a)
one — way coupling, (b) two — way coupling. . . . . ... ..

4.2 Instantaneous (tt =~ 1200) plot of the Q@ — criterion (iso-
surface Q ~ —0.01) in the z — y plane. For visualization
purposes, only the flow field related to fibers with St, =
30 and A, = 2 in the slab 2zt < 30 is shown. Panels: (a)
one — way coupling, (b) two — way coupling. . . . . ... ..

4.3 Instantaneous (tt =~ 1200) plot of the Q@ — criterion (iso-
surface  ~ —0.01) in the y — z plane. For visualization
purposes, only the flow field related to fibers with St, =
30 and A\, = 2 in the slab z* < 50 is shown. Panels: (a)
one — way coupling, (b) two — way coupling. . . . . ... ..

4.4 Panel (a), £, |, term, panel (b) £7 |, term. Lines with circles
for A\, = 2, lines with squares for A, =5). . . ... ... ...

4.5 Fluid velocity in one —way case (straight line) and two—way
cases (lines with symbols - circles for A\, = 2, squares for
Ar = 5). Panels: (a) Mean value of ug; (b) RMS(uz); (c)



Vi

List of Figures

4.6

4.7

4.8

4.9

4.10

4.11

4.12

Energy budgets. Production rate P* (a); Viscous diffusion
rate DT (b); Dissipation rate e (c¢). Solid line represents
one — way coupling case; line with symbols represents two —
way coupling cases (A, = 2 - line with circles - A, =5 - line
with squares-) . . . . . ... L L

Instantaneous fiber distribution in the near-wall region. For
visualization purposes, only the St,. = 2 fibers with A, = 30
in the slab 1150 < z+ < 1400, 670 < y* < 780, z+ > 180
are shown. The colormap shows modulus of the fluid velocity
(red: high-speed fluid flow, blue: low-speed fluid flow. Panel
(a) is related to the one — way coupling; (b) is related to the
two — way coupling. . . . ... ...

PDF of the fluid velocity fluctuations sampled at the position
of the fiber’s center of mass G in the near-wall region (in a
fluid slab Az™ = 30 thick). Lines represent the one — way
cases: solid for A\, = 2 and dashed for A\, = 5; Lines with
symbols represent the two — way cases: circles for A, = 2
and squares for A, =5 . . . .. .. ... ...

Fiber mean streamwise velocity, (v, ). Subscript G indi-
cates that the velocity at the fiber’s center of mass G is
considered. For comparison purposes, also the mean fluid
velocity seen by the fibers is shown. Panels: (a) A, = 2; (b)
Ar = 5. Solid line represents the one — way coupling case,
line with symbols represenst two — way coupling cases. . . . .

Drag force exerted by the fluid on the element r. Lines rep-
resent one-way coupling results, symbols represent two-way
coupling results. . . . . . . ... .. L

Fiber mean orientation in the streamwise and wall-normal
directions, (0,,¢) and (0,,q), respectively. Subscript G in-
dicates that the orientation of the fiber’s center of mass is
considered. Panels: (a), (b) A\, = 2; (¢), (d) A, = 5. Lines
represent the one — way cases: solid the orientation of fibers
in a near-wall slab of thickness 0 < 2T < 56y ¢ with dy g the
thickness of the viscous sublayer, dashed the orientation of
fibers in in a core-flow slab of thickness 59y ¢ < 2+ < h. Lines
with symbols represent the two—way cases: circles the orien-
tation of fibers in a near-wall slab of thickness 0 < 2T < 56y,
squares the orientation of fibers in in a core-flow slab of thick-
ness 56yg <zt < h. . ...

T



List of Figures

vii

4.13

4.14

4.15

4.16

6.1
6.2

Dimensionless time behaviour of fiber end-to-end distance,
L*. Panels: (a) A\, = 2; (b) A\, = 5. Lines represent the
one — way coupling cases: solid the orientation of fibers in
a near-wall slab of thickness 0 < 2T < 58y g with dy g the
thickness of the viscous sublayer, dashed the orientation of
fibers in in a core-flow slab of thickness 50yg < 2T < h.
Lines with symbols represent the two —way cases: circles the
orientation of fibers in a near-wall slab of thickness 0 < zt <
50y s with dy g the thickness of the viscous sublayer, squares
the orientation of fibers in in a core-flow slab of thickness

PDF for the solid angle o in the near wall region and in
the center of the chanel. Panels: (a) A\, = 2; (b) A\, = 5.
Lines represent the one — way cases: solid the orientation
of fibers in a near-wall slab of thickness 0 < zt < 5dyg,
dashed the orientation of fibers in a core-flow slab of thickness
50y g < 27 < h. Lines with symbols represent the two — way
cases: circles the orientation of fibers in a near-wall slab of
thickness 0 < zT < 5y 5, squares the orientation of fibers in

in a core-flow slab of thickness 56yg < 2t <h. .. ... ...

Correlation between (o) and (Q¢ ) for fibers with St, = 30
and A, = 2. Panels: (a) and (b) respectively one — way and
two — way coupling in the near-wall region (z* < 5dyg); (c)
(d) respectively one — way and two — way coupling in the

near-wall region (27 >200ys) . . . . . . . ...

Correlation between (o) and (Q¢ ) for fibers with St, = 30
and A\, = 5. Panels: (a) and (b) respectively one — way and
two — way coupling in the near-wall region (z* < 5dy5); (c)
(d) respectively one — way and two — way coupling in the

near-wall region (27 >200ys) . . . . . . . ...

Elastic rebound on the wall. . . . . . . . ... ... ......
Inertia tensor of a rotating cylinder. . . . .. .. ... .. ..



viii List of Figures




Introduction

“God could cause us considerable embarrassment by revealing
all the secrets of nature to us: we should not know what to do
for sheer apathy and boredom.”

- Johann Wolfgang Goethe,

The motion of non-spherical particles in turbulent flow is a complex
problem that has received a growing attention in the last decade. Com-
plexity arises primarily from the multiscale nature of turbulence and from
the coupling between the translational and rotational dynamics of the par-
ticles, which are governed by forces and torques that depend on particle
shape and orientation (Voth and Soldati, 2017). The interest in tackling
such a challenging problem comes from its many applications in both in-
dustry (e.g. pulp and and paper making (Dong et al. (2003); Lundell et al.
(2011); Stockie and Green (1998)), post-combustion soot emission (Moffet
and Prater, 2009), food or pharmaceutical processing (Boer et al., 2018))
and environment (e.g. atmospheric dispersion of pollen (Sabban and van
Hout, 2011), plankton dynamics in water bodies Lillo et al. (2014); Lovec-
chio et al. (2017) or ice crystal formation in clouds (Gustavsson et al., 2017)).

From a numerical point of view, several models are available to describe
translation and rotation of non-Brownian non-spherical particles in fluid
flows (see Voth and Soldati (2017) for a review). The most natural ap-
proach to investigate particle-turbulence interaction at the particle scale
relies on the Eulerian description of turbulence and on the Lagrangian de-
scription of particle trajectories (Toschi and Bodenschatz, 2009). Within
this approach, the simplest model is based on the assumption that parti-
cles behave as perfect flow tracers: In this limit, namely when the particle
Reynolds number is much smaller than unity (or equal to zero, ideally),
exact equations for the time evolution of particle orientation are available
for both axisymmetric (Jeffery, 1922) and non-axisymmetric particles (Hich
and Leal, 1979). This approach has proven useful to study the motion
of elongated micro-swimmers and non-motile plankton cells in turbulence



2 1. Introduction

(Ardekani et al. (2017b); Lovecchio et al. (2017, 2013); Zhan et al. (2014)).

When the particle Reynolds number is small but the translational and ro-
tational slip between the particle and fluid cannot be neglected, dynamical
equations of rigid body motion can be used in which expressions for forces
and torques acting on the particle are available for simple shapes, in par-
ticular, prolate and oblate spheroids, (Brenner and Cox (1963); Brenner
(1964); Gallily and Cohen (1979); Voth and Soldati (2017)). This approach
has been used to study the motion of rigid ellipsoids and disks in viscous
and turbulent flow (Challabotla et al. (2015); Marchioli and Soldati (2013);
Marchioli et al. (2010); Shams et al. (2001); Yuan et al. (2017); Zhao et al.
(2017, 2013); Zhao and Wachem (2015)). If the particle Reynolds num-
ber becomes order unity or larger, then the combined effect of fluid and
particle inertia should be taken into account (Lopez and Guazzelli, 2017).
This effect has been examined for many different shapes in steady simple
shear flow or isotropic turbulence (Byron et al. (2015); Lopez and Guazzelli
(2017); Rosén et al. (2015); Subramanian and Koch (2005)) but remains
largely unexplored in unsteady anisotropic flows. Empirical correlations are
available, yet not applicable across the full range of spheroidal shapes (Voth
and Soldati, 2017).

When particles have at least one dimension larger than the Kolmogorov
scale but are not in the slender body limit, fully-resolved simulations have
become feasible (see Maxey (2017) for a review) in view of the exponential
increase of computational resources, which allows accurate tracking of the
particles upon integration of fluid forces on the particle surface. As far as
non-spherical particles in turbulence are concerned, however, studies based
on fully-resolved simulations have focused primarily on spherical particles,
with only few applications to elongated (and rigid) particles in channel
flow: Do-Quang et al. (2014) simulated O(10?) cylindrical fibers with size
equivalent to a few grid cells up to 0.4% volume fraction; Ardekani et al.
(2017a) performed DNS of suspensions of oblate spheroids using the Im-
mersed Boundary Method; which was also employed by Eshghinejadfard
et al. (2017) to examine spheroids with aspect ratio up to 4 and solid-phase
volume fractions between 0.75% and 1.5%. These studies provide insights
into the mechanisms that govern particle-induced turbulence modulation,
revealing drag reduction in flows laden with oblate spheroids (Ardekani
et al., 2017a) and drag increase in flows laden with prolate spheroids (Es-
hghinejadfard et al., 2017). A rather large body of literature is available
for studies dealing with the analysis of fluid-structure interactions in the
presence of flexible filaments (see Huang et al. (2007); Pei et al. (2018);
Tang et al. (2018); Zhu and Peskin (2007) among others), but analysis of
this problem is beyond the scope of the present thesis.

Most of the numerical studies in which the above-mentioned models have



been applied to non-spherical particles in turbulence focus on the case of
rigid, non-deformable spheroids. The Jeffery equation (Jeffery, 1922), which
describes exactly the periodical motion of an isolated prolate spheroid in
simple shear flow, and its extensions to arbitrary flow fields (Brenner and
Cox (1963); Brenner (1964) and to non-axisymmetric ellipsoids (Hich and
Leal, 1979), have been the foundation to study the motion of rigid iner-
tialess fibers. However, the Jeffery equations cannot be used to describe
bending and twisting of long flexible fibers: Such fibers may execute a Jef-
frey orbit in the initial stages of motion but this orbit is not stable one and
will eventually drift through orbital constants (Joung et al., 2001). As far
as inertial (rigid and elongated) particles in turbulence are concerned, their
translational and rotational dynamics has been often investigated using a
micro-hydrodynamic approach combining a large number of particles into
a multi-rigid-body system. In this case, the physical problem investigated
involved the dispersion of fibers and disks with length much smaller that
the flow domain in fully-developed turbulence (Andri¢ et al., 2013). For
such problem, the adoption of a micro-hydrodynamic approach based on
accurate direct numerical simulation of the flow, combined with recent ex-
perimental measurements (Sabban et al., 2017), has led to a fairly good
understanding of shape and size effects on macroscopic phenomena such as
preferential concentration and wall accumulation in dilute suspensions (see
Voth and Soldati (2017) for a review).

Besides particle shape and size, however, one additional feature that is rel-
evant to applications and still to be grounded in fundamental physics is
particle deformability, namely the tendency of very elongated (high aspect
ratio) particles, referred to as fibers hereinafter, to flexure under the action
of the underlying flow field. We can anticipate that the behaviour of the
flexible fibers is different from the behaviour of an equivalent rigid fibers
(where equivalent means that the rigid fiber has the same shape and mass
of the fully streched flexible fiber). In fact if we consider the motion of a
flexible fiber in a vortical flow field, and an equivalent rigid fiber with the
center of mass in the same position as in Fig.[1.1]: We see that the rigid
fiber samples just one value of fluid vorticity in its position, while the flexi-
ble fiber samples one value of fluid vorticity for each one of its elements (in
Fig.[1.1] we use N/ = 7 elements).

Flexible fibers are commonly found both in low-Reynolds-number flows for
example polymers, proteins or other biological systems (Lépez et al. (2015);
Slowicka et al. (2015); Zhu and Peskin (2007)) and in high-Reynolds-number
flows for example in the processing of fiber-reinforced composite materi-
als (Zhang and Smith, 2016), in pulp and paper making (Lundell et al.
(2011); Vakil and Green (2011)) or hydro-entanglement processes (Xiang
and Kuznetsov, 2008). Clearly, these fibers introduce an additional geo-
metrical complexity associated with their irregular shape, which has im-
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FI1GURE 1.1 — Comparison between the vorticity applied on a rigid fiber and on an
equivalent flexible fiber

portant consequences on the rheological properties and microstructure of
the suspension (Wu and Aidun, 2010). While the interaction of flexible
fibers with fluid flow at low Reynolds number has been examined in several
theoretical and numerical works (Quennouz et al. (2015); Slowicka et al.
(2015); SwitzerIII and Klingenberg (2003); Wang et al. (2006)), aimed at
understanding buckling instabilities, topological changes in fiber shape and
bending mode transition criteria; the effect of flexibility on turbulent sus-
pensions at high Reynolds number has been poorly investigated. Recently, a
series of experiments have been performed by Brouzet et al. (2014); Verhille
and Bartoli (2016) to understand the importance of fiber deformation on its
transport in homogeneous isotropic turbulence: In these experiments, fibers
with length up to the integral time scale of the flow were considered and
a critical length (the elastic length) was identified, above which flexibility
cannot be neglected.

To the best of our knowledge, however, there are very few numerical simula-
tions dealing with flexible fibers in a fully-developed, three-dimensional and
time-dependent turbulent flow. Andrié et al. (2013) studied the translation
and re-orientation of fibers in turbulent channel flow, and found that fibers
exhibit complex geometrical configurations during their motion, similar to
conformations of polymer strands subject to thermal fluctuations. More
recently, Kunhappan et al. (2017) examined the motion of flexible fibers
in bot homogeneous isotropic turbulence, considering flow conditions and
fiber parameters similar to those of Verhille and Bartoli (2016), and channel



flow turbulence, considering a 1% concentration fiber suspension with fixed
fiber-to-fluid density ratio. For the purposes of the present study, these
works are of particular relevance, since we are interested in the dynamics
of flexible fibers in wall-bounded turbulent flow. In particular, we focus
on fibers. To study this problem, several micro-hydrodynamic approaches,
which differ for the mathematical model employed to represent the fiber,
have been proposed. The first model was put forth by (Yamamoto and
Matsuoka, 1993): The fiber is modelled as a chain of spherical beads (hence
the name bead-chain model) in which each bead obeys a kinematic con-
straint that prevents detachment of neighbouring beads while allowing for
relative rotation. This model has been used recently by Delmotte et al.
(2015) to study self-propelling filaments in viscous flow and by Sasayama
and Inagaki (2017) to study fiber motion during processing of fiber-reinforce
thermoplastics.

A modified version of the bead-chain model was later proposed by Ross
and Klingenberg (1997), who used a chain of rigid ellipsoids, and by Schmid
et al. (2000), who represented each element in the chain as a massless, rigid,
cylindrical segment. This latter model was extended to inertial fibers by
Lindstrém and Uesaka (2007), who derived an approximate model for the in-
teraction between fiber elements and the surrounding fluid at finite element
Reynolds number, and accounted for long-range hydrodynamic interactions
between fibers. The model was used by the same authors to study paper
forming (Lindstrom and Uesaka, 2008), and later by Martinez et al. (2017),
to study clustering of long flexible fibers in 2D Arnold-Beltrami-Childress
flow, and by Andri¢ et al. (2013, 2014) to study fiber-flow interactions and
rheological properties of dilute suspensions in channel flow turbulence.

In the present thesis, we build on the work of Andri¢ et al. (2013) and
of Kunhappan et al. (2017), and develop a comprehensive database of fiber
trajectories, velocities and orientations to examine how flexibility adds to
fiber elongation and inertia in determining fiber translation, rotation and
spatial distribution within the flow. Compared to Andri¢ et al. (2013), we
use Reynolds-number dependent expressions for the drag coefficient (instead
of assuming it constant) and we consider much longer simulations (to reach
a steady state for fiber concentration), higher fiber-to-fluid density ratios
and a much higher number of fibers. In this way it was possible to obtain
a statistical description of fibers interaction with wall-bounded turbulence.
More specifically, the number of tracked fibers was selected in order to ex-
amine both a dilute suspension and a semi-dilute suspension. In the case
of dilute flow, the fiber volume fraction is low enough to neglect the mo-
mentum exchange from the dispersed phase to the carrier fluid (one — way
coupling). In the case of a semi-dilute flow, the fiber volume fraction is such
that the momentum exchange must be accounted for (two — way coupling),
even if the characteristic length scale of the dispersed phase is smaller than
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the Kolmogorov dissipative scale.

In literature, for the spheres, a relation between the volume fraction and
the flow regime is available for the case of spherical particles (Elgobashi,
2006; Balachandar and Eaton, 2010). A rather large body of literature is
available for studies dealing with pointwise spheres in turbulent two — way
coupling regime. The main objective of these studies was to investigate
the modulation of turbulence (drag reduction or increase) induced by the
presence of the particles, and several methods have been proposed. Among
others, the particle in cell (PIC) method developed by Crowe et al. (1977)
and improved by Horwitz and Mani (2016) the hybrid direct numerical sim-
ulation (HDNS) approach by Ayala et al. (2007). More recently, alternative
methods that account for momentum coupling irrespective of particle num-
ber density have been proposed: For instance, Pan and Banerjee (2001);
Ireland and Desjardins (2017). Relevant to the present thesis is the exact
regulareized by Gualtieri et al. (2014); Battista et al. (2018), which will be
presented in detail in sec.[2.4], and applied for the first time on the motion
of non-spherical (flexible) particles.

Much less work has been performed on semi-dilute suspensions of pointwise
non-spherical particles in turbulence. To the best of our knowledge, there
are just a few works dealing with two-way coupled rigid fibers (Zhao et al.,
2013; Zhao and Wachem, 2015) and even less with two-way coupled flexible
fibers (Lindstrém and Uesaka, 2008). The present work represents a first
attempt to fill this gap in the literature.

Layout of the thesis

This thesis is organised as follows. In chap.[2], we present the physical prob-
lem and the approach to describe the simulations cumputed.

In chap.[3] we provide statistical characterization for the dynamics of a di-
lute suspension of fibers, comparing the motion of flexible fibers, with that
of rigid fibers having the same physical properties and equivalent geomet-
rical dimensions. We examine the translational, rotational and bending
dynamics at varying fiber inertia and fiber elongation.

In chap.[4], we provide statistical observation for the dynamics of a semi-
dilute suspension of fibers: in particular we focus on the effect of two —way
coupling on the main statistical observables of both the fluid and the fibers.
Finally, we draw conclusions and outline future developments.



Methodology

“La filosofia € scritta in questo grandissimo libro che contin-
uamente ci sta aperto innanzi a gli occhi (io dico 'universo),
ma non si puo intendere se prima non s’impara a intender la
lingua, e conoscer i caratteri, ne’ quali € scritto. Egli e scritto
in lingua matematica, e i caratteri son triangoli, cerchi, ed altre
figure geometriche, senza i quali mezi € impossibile a intenderne
umanamente parola; senza questi é un aggirarsi vanamente per
un oscuro laberinto.”

- Galileo Galilei, Il Saggiatore

Part of the methodology described in this chapter has been accepted in
the journal Acta Mechanica, under the title: ”Orientation, distribution and
deformation of inertial flexible fibers in turbulent channel flow”, (D.Dotto

and C.Marchioli, 2019).

The most precise and reliable methodology to study the behavior of a di-
lute or semi-dilute suspension particles in a turbulent flow field is the use
of Direct Numerical Simulation (DNS) coupled with Lagrangian Particle
Tracking (LPT). DNS means that the continuity equation (eq.[2.1]) and the
Navier Stokes equations (eq.[2.2]) are solved without using any kind of tur-
bulence model (as eddy viscosity, k — ¢ or large-eddy ones) on a grid finer
enough to capture all the detailed scales of the turbulence, from the inte-
gral ones down to the Kolmogorov micro-scale. This of course requires a big
computational effort and in fact is only possible for very simple geometries
and relatively moderate Reynolds numbers. LPT means that the dispersed
phase is treated as an ensemble of real particles that posses inertia and that
the trajectory of each particle is obtained by solving the governing equa-
tions of motion. In this chapter we will describe the reference geometry,
the equations of motion for the continuous phase, their non-dimensional
form in the physical space and their treatment in the spectral space; after
we will state the description of the translational and rotational motion of
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ellipsoidal particles and finally we will describe the methodology for the
numerical resolution of the system of motion.

Fluid Flow Equations

The equations that fully describe the incompressible flow of a generic New-
tonian fluid in which are dispersed a semi-diluted suspension of particle are
the continuity equation (which expresses the mass conservation) and the
Navier-Stokes equation (which expresses the momentum conservation). In
dimensional form they are:

V-u=0 (2.1)

Ju

p [81& +(u-V) u] = VP + uViu+fy, (2.2)
where fy,, is the drag force exerted by the particles on the surrounding
fluid per unit of volume [kg/(ms)?], and the fluid parameters are p that
represents the fluid density, u that represents the fluid dynamic viscosity
and P the equivalent pressure.

Non-dimensional Formulation

We will refer to the sketch reported in Fig.[2.1]: the channel we are inter-
ested in consists of two infinite parallel walls with non-slip conditions in
which the flow is driven by a mean pressure gradient in the z-direction,
dP/dx; the computational domain it’s supposed to be L, = 2h high ,
L, = 4wh long and L, = 2rh wide; the (z,y, z) frame represents stream-
wise, spanwise an wall-normal directions respectively, so that the flow is
supposed periodic in the z and y directions.

To introduce the so called outer-scaling units (indicated by the apex)
we need some characteristic flow scales: we will use the semi-height h as a
characteristic length scale for the flow, while to get a typical speed we will
again use the classical definition of shear velocity:

N — N

Tw
Ur = 4 — 2.3
P (2.3)

where 7, is the mean value of the shear at the wall; a very simple macro-
scopic force balance on the channel allows us to see that 7, = h%, where
% is the mean pressure gradient along x (P = P (z) being the averaged
value in the y — z plane).

The shear velocity will thus result:

hdP
p dz
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FIGURE 2.1 — Reference geometry for the channel flow DNS

It is now simple to see that the variables we are interested in can be put in
non-dimensional form as follows:

T

(2.5)
It is thus possible with some simple substitutions to obtain the following
expressions for the continuity and Navier-Stokes equations:

ou;
L =0. 2.6
0x; (2:6)
ou; ou; orP~ 1 9%
L Tt = L £ . 2.7
ot— T Oz ox; + Re, Oz Oz o (27)

where the shear Reynolds number Re, is defined as:

Re, = Purh _uch (2.8)
I v

in which v[Z3] is the kinematic viscosity. If now we split the pressure gradi-
ent in mean (42) and fluctuating (g%) value, so that the real pressure is
given by: ' ~
apP
P =p  + —z,
b dx
we can obtain the following equation in which for sake of brevity the

notation is suppressed:
Ou; 1 0%y Op

ot~ 2 Rer dny0m;,  owy

”_”

(2.9)
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In the above equation the S; source terms contain both the non-linear trans-
port terms and the mean pressure gradient, imposed equal to —1 in outer-
scaling units. Thus we have:

ou
Sy = _uj%% -1+ f2w,xa
J
ou
S, = —uja—;{ + fow.ys (2.10)
J
Ou,
Sz = —U; = W,z
u] 8l‘j +f2 ’

The derivation of the term f5,, will be provided in section [2.4].

Vorticity-Velocity Formulation

For the numerical resolution of the flow equations, it is very useful to rewrite

the continuity and Navier-Stokes without taking explicitly into account the
op

pressure g2 gradient term By taking the curl of eq.[2.2] we can find:

VX@ZVXS+ L

2 —
5 ReTv x V*u —V x Vp. (2.11)

If we now observe that the last term is identically zero (because of a vectorial
identity) and if we recall the definition of the vorticity vector w = V x u
(see appendix) it follows:

ow 1 _,

which is an alternative expression of the vorticity transport equation. If we
now take again the curl of this equation and we use the identity VxV x ¢ =
V (V- ¢) = V2c (which applies for every vectorial field ¢) and the continuity
equation, we can find the following Helmoltz fourth order equation:

9 (V?u)

1
5 =V*S-V(V-S)+—.V'u (2.13)

Re,

The now classic resolution algorithm normal velocity-normal vorticity de-
veloped by Kim et al. (1987) requires to project the eq. [2.12] and [2.13] in
the wall normal direction and solve them in order to obtain the wall nor-
mal components u, and w,; the continuity equation and the definition of
vorticity are then used to calculate the other two velocity components (u,,
and uy).

The system that is employed for the numerical resolution of the channel
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flow is thus described by:
Ow, 0S, 0S; 1

ot~ Oz oy + Re,
0 (V2u:) 2 9 (95; L oa
ai —Vsz‘ax(axj)weﬁuz
Oug % B _auz

ox oy 0z

% Ou,  Ow,

8x+8y_8z

Viw,

(2.14)

Fluid Flow Equations in Spectral Space

Now it is illustrated a generic component of the velocity vector u (x,t) case
of homogeneous isotropic turbulence for a cubic box of size L in the discrete
spectral space:

e 5 ¥
u; (x,t) = Z i (K, t) e, (2.15)
nx:—%-‘rl ny:—%—i-l ny:—%—ﬁ-l
in which k; = Z’TT” K; 18 the generic wavenumber, n; is the nt* Fourier mode,

is the total number of Fourier modes (and also grid nodes) used along each
direction in order to represent the signal (in total we thus have N2 nodes),
e is the general Fourier mode and ; (k,t) a generic Fourier coeffient for
the velocity.

In the channel flow the presence of the non-slip walls rates high gradients
in the wall normal z direction, making the homogeneous isotropic model
un-suitable. Following Kim et al. (1987) it is however possible to treat the
streamwise (z) and spanwise (y) directions as statistically homogeneous; if
we also make the hypothesis that these directions are periodic of period L,
and L, it will thus be possible to use the Fourier spectral representation at
least along these two directions, by using IV, and N, modes, that in physical
space correspond to a uniform grid of spacing;:

N (2.16)
-_Y
Ay =7

Yy
While in the spectral space the corresponding wave numbers x; and s,
apply:

27mn,,
Ry >
L,
P (2.17)
Ry =
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doing so, the velocity signal will thus be expressed by:

v|Z
vz

N
2

u; (x,t) = Z Ui (K, Ky, 2,t) e FeTFm) 1 (2.18)

where the dependence of the Fourier coefficient @; on the inhomogeneous z
coordinate is stressed; being z non homogeneous and non periodic it is in
fact impossible to adopt the same strategy as for the other two coordinates.
It is however possible to proceed in a quite analogous manner also along z
adopting the Chebyshev polynomial representation instead of the Fourier
one.

We have to use the following polynomials:
T,. (z) = cos (n, cos™" (z)), (2.19)

where z = z7 € [-1;1] is a nondimensional variable and the grid points
coordinates along z are given by:

n,m
= 2.2
z = cos < N > ) (2.20)

where N, is the total number of modes along z. An advantage of the Cheby-
shev representation is that it allows a great spatial resolution very close to
the walls, which is necessary to properly describe the high gradients.

The generic velocity component will thus be expressed by the following
Fourier-Chebyshev representation:

w|2
w|Z

N
u; (x,t) = Z Ui (K Ky, zy 1) Ty, (2) @2 Fa@Fr0Y),
nzz—%-&-l nyz—%—i-l n.=0

(2.21)
Obviously such a reasoning applies not only for the velocity vector compo-
nents but also for the vorticity or the pressure.
If we now apply the Fourier operator Fi {...} to the eq.[2.14] previously
stated in the physical space, we can carry the channel flow problem from
physical to wavenumber space. We obviously must recall that only the z

and y directions are Fourier-transformable and so we obtain:

Fy {&‘L;;j”} = ikl (K, t) (2.22)

applies only for j = x,y but not for j = z.
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Discretization of Fluid Flow Equations

The velocity equation is discretized as:

o (9% L \. % 5\ &

—g (mxﬁx + iy Sy + aSZ) + (2.23)

z
+i 872 — 52 872 _ ,{2 I
Re, \ 022 Ty 0z2 ) E

where:
2

Ky = /9920 + /{73.
The eq.[2.23] above it is discretized using an implicit-explicit scheme:
e Implicit Adam-Bashfort third order method for diffusive linear terms;
e Implicit Cranck-Nicholson method for the non-linear terms.
Considering the time steps n — 1, n ed n + 1 we obtain:
n—1 =t—-At,
n =1,

n+l =t+ At

The eq.[2.23] above, become:

1 [ 82 . oy 1 [ 0? ‘n Ane
ar (g ) iy = 5 (-, ) (382 - 871)

30 . on . an ag?
-5, (szm +iky Sy + 5% ) +

(2.24)

0
P I N I N o
Re. \ 022 ry 022 ry 2 ’

and defining:
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we obtain:

2
U 087 +
5 5, | Sz T ikySy + —- (2.25)

At 9 _— L, 081
T2 (“‘ws ik Sy |
82 AT

[ (1 — Hiy)] (822 — n%) Uy .

Considering the continuity equation:

7 oar

iRl + iky Uy 8; =0 = 5 kg Uy — Ky Ty, (2.26)

and defining:

we obtain:

3am  Lan 9? o
= K?cy (2Sz - z 1) At — Hiy |:FY822 + (1 - 7'%9262!):| u2+
o 3 1 B 32 (2.27)
Y. Q2on - gn-1 Y. v o ~n
d 3an  Lan. 0 o n
92 (QSy - isy 1) At — 9.y {78 7 T (1 'V’iiy)} Uy
Now we define the terms:
R 1 [ 92 9\ ]
HI' = ( sn— 75” ) At + Tz T (1 —k3,)| g, (2.28)
n 3 n 1 on—1 [ 82 ] ()
Hy = §Sy — §Sy At + ’YW + (1 ’Y‘Lixy) Uy s (229)
.Hn o § an 1 gn—1 At+ [ iQ + (1 —_ /4;2 )- a” (2 30)
z = \ 9P 9~z _7822 Vhay | z" ’
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Applying the terms defined in the eq.[2.28]-[2.30] in the eq.[2.27]:

82 2 82 2 ~n+1 1 2 frn
(622 -A ) (a ‘) B =

2.31
+lg (i/{ H? + ik ﬁ") | )
yOz \ T vty )
and defining:
A =2 i 4 2 (i ik BT (2.32)
= iy 2 + o~ (ke Hy +iky Hy ) .

we find the discretized equation for the velocity:

82 82 2 ~n+1 ﬁn
(o) (- e

In order to solve this 4" —order eq.[2.33], we consider the following variable:

82 9 R f{n
9 _ 1 2.34
(522 A )0 v (2:34)
2
(5 -ty )i = 235)
z

The eq.[2.35] is solved using the no-slip condition and the continuity equa-
tion at the wall:
ant (+1) = 0,
dust! (236)
= +1) =0.
5, (1)

The solution to the eq.[2.36] requires the boundary condition on 6 that lacks
on the physical model, so, in order to avoid this problem we define:

é = él + AQQ + B93, (237)
where [L B € S are two constants.

The components 6, 85 and 65, are respectively the particolar solution and
the homogeneous solutions to the eq.[2.34]. These solutions are obtained
from:

0? . X
(622 - Az) =061, 01(1)=0, 61 (-1)=0, (2.38)
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2
(8822 — A2> =0, 62(1)=0, 6(—1)=0, (2.39)
82
<822 — A2> =0, 63 (1) =0, 03 (—]_) =0. (240)
Similarly:
aptt = Uy + Au, o + Bu, 3, (2.41)

where A, B € S are two constants.

The components i, 1, 4,2 e 4,3, are respectively the particular solution
and the homogeneous solutions to the eq.[2.35]. These solutions are ob-
tained from:

o2 . A .

(822 — Hiy) Uy1 =0, U,1(1)=0, u,1(-1)=0, (2.42)
62

<az2 - niy) U2 =0, u,2(1)=0, u,o(—1)=0, (2.43)
82

(822 — niy) u,3=0, u,3(1)=0, u,3(—1)=0. (2.44)

The constants A and B are determinated using the condition:

8112’1 Aau%g ~ 8uz73
2 = —
v Ouen gy y 4%z (g4 p%es Ly
0z 0z 0z '

The solution of this equation [2.38]-[2.40] e [2.42]-[2.44] is obtained using
Gauss elimination algorithm.

The vorticity equation for the component z in the pseudo-spectral space,
become:
& 2\ ~n+1 L. rn . rn
Aol = - (mmH - myHm> (2.45)

022 Y

The solution of the equation [2.45] is obtained with the boundary conditions:

W (£L) = ikgtp Tt — iyl (2.46)

The solution to the equation [2.46] is obtained using Gauss elimination al-
gorithm.
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Once determined 47t and &7 *!, it is possible to obtain the velocity com-
ponents 47 *! e ﬁ;’“ from the discretization of the definitions of vorticity
and continuity equations:

—iky @ ikttt = or (2.47)

. aﬂn+1
aptt = ﬁ (2.48)

—ik, 00T — ik,
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Equations of Motion for a Flexible Fiber

The model that we present starts from the formulation presented in (Lind-
strom and Uesaka, 2007; Schmid et al., 2000). Each fiber is modeled as a
chain of N rigid and inextensible elements (rods) of circular cross section,
indexed r € [1, N]. Fiber elements have the same diameter and length, and
are connected together through A" — 1 hinges, as shown in Fig.[2.2].

FIGURE 2.2 — Reference geometry for the flexible fiber

The location of each element is given with respect to a inertial frame of
reference that uses a Cartesian coordinate system, with axes defined by the
base vectors {e;, ey, e,}, and origin denoted by O. The interactions that
are applied on a single cylinder can be divided in two groups: hydrodynamic
interactions, as the drag force or the drag torque; and constraint interac-
tions due to the inextensibility.

In the contest of not only low Reynolds number and inertial particle, the
relation between stresses and velocities is not linear in general. In particular
it means that it is necessary to write the hydrodynamic forces and torques
for a wide range of Reynolds numbers, developping a method that in rela-
tion to this, uses the equation that fits best.

The constraint forces ensures that two adjacent cylinders can perform a rel-
ative rotation, that takes also into accont the resistence of the material to
the bending force applied by the fluid.

Each fiber element is subject to hydrodynamic interactions, determined by
the action of the drag force and torques, but also to interactions with its
neighbours due to the connectivity constraint, which ensures that end-points
of adjacent elements coincide: The resulting contact forces preserve the in-
tegrity of the fiber by allowing relative rotation of adjacent elements, yet
not relative translation.

The motion of a generic element r (Lindstrom and Uesaka, 2007), (Schmid
et al., 2000), with semi-length [, radius a (so the aspect ratio is A = [/a)
and density p,, with velocity v,, angular velocity w,, position p, and ori-
entation o, is governed by the first and second Euler equations as shown in
Fig.[2.3], Fig.[2.4] and the equation of the constraint as shown in Fig.[2.5].
Those equations are referred to an absolute frame of reference 0 and are
related to a generic element r of the chain:
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FIGURE 2.3 — Forces applied on the element r of the fiber.

X, (O]

z

FIGURE 2.5 — Inextensibility cinematic constraint on the hinge between the elements
rand r + 1.
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For the eq.[2.49]:

15t Buler’s equation

dv,
mp?{ = F? + (X1 — X5)

2" Buler’s equation

d (ijT)

D) ap e mD (Y, - YY)+
+l0p X (Xpp1 + X))

Constraint equation

¥, (p;,0,) = Pr + 1,0, — (Pre1 — l0,11)

Cinematic position equation

dp,

=V,
dt !
Cinematic orientation equation
do,
dt

= w, X O,

fiber element;
X, = Constraint force exerted on the (r — 1) fiber element

the (r + 1) fiber element;

(2.49)

(2.50)

= (2.51)

(2.52)

(2.53)

v, = Velocity of the center of mass of the r'" fiber element;
my, == Mass of the element r;
F,’? —  Hydrodynamic Viscous Drag force ancting on the r"

by the r*" fiber element, equal and opposite to the
costraint force that the r*" fiber element exerted on

the (r — 1) fiber element;
X,41 = Constraint force exerted on the r'" fiber element by
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For the eq.[2.50]:

w, = Angular velocity of the center of mass of the r*" fiber
element;

jr — Inertia tensor in absolute frame of reference for the rt"
fiber element;

Tf) = Hydrodynamic drag torque due to the vorticity rate tensor

acting on the r'" fiber element;

Hf) —> Hydrodynamic drag dorque due to the strain rate tensor
acting on the r*" fiber element;
Y? — Bending torque exerted by the ' fiber element on the (r— l)th

fiber element, equal and opposite to the bending torque

exerted by the (r — 1)th fiber element on the " fiber element;
Yf-+1 —> Bending torque exerted on the (r + 1) fiber element by the

" fiber element;
o, == Orientation of the center of mass of the r'" fiber element;
lo, x X, = Constraint torque exerted by the r'" fiber element on the

(r — 1)t fiber element, equal and opposite to the
constraint torque exerted by the (r — 1)”‘ fiber element

on the ' fiber element;
lo, x X,11 = Constraint torque exerted on the (r + 1)th fiber

element by the r'" fiber element;

5 — Identity matriz
For the eq.[2.52]
pr = Position of the center of mass of the r'" fiber element;.

The detailed derivation of the eq.[2.53] is given in the appendix (sec.[6.2]).

Since the equations are written for a single segment of the fiber r, also
the Reynolds number are defined for a single segment Re,., and not for the
whole fiber:

(2.54)

9

Rey, = 2% (3 — oTof) (u, —v,)

CHNTA

where v, is the modulus of the relative velocity orthogonal to the vector
o,.
The an explanation of the eq.[2.54] is given in the appendix (sec.[6.5]).
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Hydrodynamic viscous forces and torques (Stokes Limit)

If the Reynolds number for the fiber segment is low:
Rep, ~0

We can consider the analytical solution given by the Stokes flow survey past
an ellypsoidal particle and transponding it in the study of elements: an
analytical solution, for the Hydrodynamic viscous drag force and torques
exists for isolated spheroidal particles and laminar conditions (Kim and
Karrila, 1991). According to the semi-empirical formula derived by (Cox,
1971), a prolate spheroid is hydrodynamically equivalent to a finite circular
cylinder in the sense that their orbiting behavior in shear flow is the same
if:
1.24

re 124 (2.55)
/\r In ()\r)

where A.; is the prolate spheroid equivalent aspect ratio.

Since a fiber segment r is a cylinder of diameter 2a and length 2! its aspect
ratio is:
21,
Ap = —
" 2a
The hydrodynamically equivalent prolate spheroid, whose minor semi-axes

a.; and major semi-axis l¢; equals a cylinder length 21, has:

o 2lel

P
el Qad

where a,; is the spheroid minor semi-axis.

From the formula derived by (Cox, 1971) it follows that a cylindrical fiber
segment i is hydrodynamically equivalent to a prolate spheroid whose minor
axis e, Fig.[2.6]:
So:

a

= 153 VIn(\) (2.56)

el

The formula derived by Cox (1971) is valid for isolated particles and slender
body approximation. None of these assumptions is true for fiber segments.

For a given velocity field u, of the fluid, angular velocity field €2, of the
fluid, and gradient velocity field Ju,,,/0x; of the fluid, the viscous hydro-
dynamic viscous drag force F2, and torques TP, HY are defined as Kim

T T
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2[7‘ == 2l€l

FIGURE 2.6 — Hydordinamic equivalence for Rep; < 0.1 between a cylinder and an
ellipsoidal particle throught empirical formula of Cox (1971)

and Karrila (1991):

FD — FD% — Grhap [X:‘E LA - x4 OTOT} (u, —v,) (2.57)

T

A
TP = TP = 8x)3a®y [XEE + (V€ - x©) oToT} (€, — w,2.58)

where Ki is the resistence drag force tensor for Re,.,. ~ 0; (=3: is the re-
sistence drag torque tensor for Re,., ~ 0; and HP** is the resistence drag
torque due to the gradient velocity flow field for Rep,, ~ 0.

The coefficient XA, YA, X, V,“ and Y, are derived from the parame-
ter ec r:

Aa? — a?
€cr = TQI (2.60)
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So:
8e3.
XA = cir
r —6e,.. —|—3(1+€2 )ln 1+€c,r
cr o - o
YA = 16¢¢,
66077" +3 (3637_ — 1) In <1 + ec,'r)
7 1- €e,r
e, (1 2,)
C— T c,r
XT . 2 1+ecr (261)
660,7" -3 (1 — 6c7r) In 1_6627‘>
YC _ 4@377‘ (2 — ear)
o 1+ec,
766(;77‘ - 3 (1 + 62;7‘) ln <1_ec’r)
vH = A€l
" 6o, +3(1+e2,)In (%>

In the eq. (2.59):

il

( Or) : (E}/ror) = &ijk ('.le;rol;r) Ojir

i

%T is the gradient tensor:

= . o 1 auj,r + aul,r
T = Ve T g oz, Ox;

And Z is the Levi-Civita 3 rank tensor :

1 Zf i’j7k:1’273; i7j7k:273’1; i7j7k:37172
‘g:eijk: -1 Zf iaj,k:2ala3; i7j7k:17332; iajak:37271
0 if i=j; i=k; j=k

Hydrodynamic viscous forces and torques for finite Re,,,

If the Reynolds number of the fiber segment is:
Rep. > 0.

For a given velocity field u,. of the fluid, angular velocity field €2,. of the fluid,
and gradient velocity field Ou;,,/0x; of the fluid, the viscous hydrodynamic
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viscous drag force F, and torques T?, H? are:

FD =D = 2CDpAra*v] ., (3 - OTOT) (u, —v,), (2.62)

T

A

r

. 2 =
TD = TD* = gCD;Tp)\i’a‘le_;r (6 - orof) (2 —w,), (2.63)

=k k

r

. 2 = -
HP = HP* = fgC’D;rp)\ia‘LvL;r (€o,) : ('_yror> , (2.64)

where Ai* is the resistence drag force tensor for Re,,. > 0; (_3:* is the re-
sistence drag torque tensor for Re,., > 0; and HP* is the resistence drag
torque due to the gradient velocity flow field for Re,., > 0. The detailed
derivation of the equation for the torques TP, HZ is given in the sec.[6.6].
The drag coefficient Cp., that characterized the equations can be calcu-
lated as a function of the Reynolds number for the generic element r [2.54]:

Cpyr = f (Repyr)

It is possible to correlate drag coefficient Cp,, with the Reynolds number
for the fiber segment, using the equations provided by Clift et al. (1978), as
shown in Fig.[2.7]:

The mathematical expression of the curve in the Fig.[2.7] above is:

Ch., Rey.r € (0,0.1],
Ch., (14 0.147Re)3?) Rep, € (0.1,5],
Cpir = { Ch., (1+0.227Re59) Re,.. € (5,40], (2.65)
Ch., (14 0.0838Re)®)  Re,, € (40,400],
1 Rep, > 400,

where:
Ch.. = 9.689Re, "%

Bending Stiffness

The torque acting on the (r — 1) fiber element, applied by the ' fiber
element, following Lindstrém and Uesaka (2007), is:
Y! = —kyalel (2.66)

T Ty

where, k; is a Costant, due to the materials of the fiber:

Ey (J+J) wEyd®
ky = .

20, + 2. 8\,
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120 T T T T
ol
Cpy = Ch, L, = 9.689Re; 0™
100 | J
Cpy = Ch,.(1+0.147Red?)
80 r ]
> ” L 0.55
| Cpy = Op,(1 +0.227Re,,;”)
|
40 I J
|
|
I Cpy = Ch..(1+ 0.0838RelS?)
20 | ]
I M 1
| /
0 |
0.1 5 40 400
Rep,

FIGURE 2.7 — Drag coefficient for a fiber element.

where, Fy is the Young modulus, I, = 2\.a, J = %71‘&‘1 is the inertia tensor
for a cylinder in a relative frame of reference, a’ is the solid angle (in
radiant) between the (r — 1) fiber element (with orientation o,_1) and the
rt" (with orientation o,.):

o-|o,-1 = ab=0,

o lLlo,_1 = 0453: 5

b -1
a, =cos  (0,-0,_1) = {
While e? is the versor othogonal to the versors o,_; and o,.:

eb _ O, X Op_1 .
" oy X 0p_1]

So the bending can be expressed as:

Op X Or_1

vh— mEya®

1o .
. e cos™ (0 - 0,_1)

. 2.67
|0, X 0,_1] ( )

In this thesis we will a value of the Joung modulus Fy # 0 only in the
sec.[2.5].
Constraint Equation

The constraint equation, eq.[2.51] can be rewritten, following (Lindstréom
and Uesaka, 2007), (Andrié et al., 2014), (Andrié et al., 2013) in order to
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obtain an easier integration system:

d¥,
o, =0 o =V, — V1 + Aa (Wp X0 +Wpgq X0pp1) =0
‘I"r"t=0 =0

(2.68)
The equations that are involved in the problem for the generic segment
r of the fiber are:

dv,

my= = A, (U —v,)+ Xy — X, (2.69)
2 = dw, =
Jrw, +J, ;‘Jt :Cr (Qr - wr) +H,+
mBya’® 2.70
- (el —akel) + 270
+Ara0, X (X1 + X))
Ve — Vo1 + Ara (Wr X 0p + Wiy X 0p41) =0 (2.71)
d
;’t’“ v, (2.72)
do,
Zf = W, X O (2.73)
where:
my, = 27 ppAra’
i K: = 6\ ran [YTAE + (X2 -v4) oroﬂ if Repy ~0
" K:* = 2C’D;Tpa2)\rvl;r (3 - oror) if Rep,>0
= 1 . =
J, =— (27rpp)\ra3) a? [(4)\3 + 3) (6 — oroTT> + 60roﬂ
12 2
e 1 .
J, =— (27rpp/\a‘3) a? (4/\$ — 3) {(or X wy) ol + [(or X wr)oﬂT}
12 S———
mp
: C = 8rA\3aPyu (YCE +[XE —YC) oroﬂ if Reypy~0
" (=3:* = 2CpypAiatvy, (3 - OTO,T) if Repy >0
H} = —87A3a®uY,H (go,) : (’éyror) if Rep,~0

HT = = .
H;* = —2Cp,pAla*vy, (o0,) : (’yror) if Rep, >0

The detailed derivation of the inertial tensor equation (in a relative frame
of reference) is given in the appendix (sec.[6.3]).
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Temporal discretization of fiber equations

The final system is:

vt =K'+ 6: (XM = X7) (2.74)

whtl = R" §:(=)T (X?"t‘l + X:L) (2.75)

v:}Jrl . V:}i—ll +da (w:rl*l x o erfill X 0:}4_1) =0 (2.76)

p?+1 _ p:, + AtV?Jrl (277)
1

oftt =or 4 = [ 1y + 2 (kfk%r + kfk&r) + k:}k‘l"’} (2.78)

6

where:

=n 0 _0?;"" 0237 =n
n

O, =1 o, 0 —0y.y — o, xa=0,a Va

—_o" n

ysr z;
-1

= t=n At =n

Ki=(d+—A, vy + —A, uy
mp mp

= =n -1 =n =n
I, + C)} [Jwa + At (CTQ;‘ +HD 4+ Y2 — Yﬁ)]

n n+1
k., =— Ato] X w
n n () n+1
krk2;r At (07" + 5 rkl 7‘) X w
n — At 0"—1—1" x wntl
rk3;r T 2 rk2;r r
n o n n n+1
krk4;r =—At (Or + krkB;r) X W,
3
Yb,n 7TEya b,n
T T
8-

After some algrbra, the equation [2.76] became:

M:HX?H + (N:H + ﬁ:) X+ M, X! = K!ot" (2.79)
—— ———

=n

N, 41
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where:

n

E’ﬂ
K!" =~ KI', + K? ~ \a0, R} — a0, R},

n

= =n

n =n = =n =N
M, ;1 =Q, 11 +Xa0,18,,,0, 4

=n =n ZN=pzn
M =Q" +1.a*0,5"0,

n =" =Zp =7
N, 1 =-Q 41 +20a0,,,5,,0,,
=n =n SN=p=h
N, =-Q, +X.00,8,0,
In particular the eq.[2.79], in the consideration of all the segments represents
a tridiagonal block matrix system (see sec.[6.4]) that, in a compact form,

is:

Mxm =" (2.80)

where:

Qll

ﬁThQ M, 0
M, Ny, M, 0
. .. .. . (2.81)

0 My  Nyoin

o

n+1
X2

n+1
XS

X" = (2.82)

n+1
XN

tot,n
Kl

tot,n
K, (2.83)

KiY,
The tridiagonal-block matrix in the eq.[2.81] can be rewritten in a compact
form as:

M =C"'U" (2.84)
where:
L5 0 i
My L 0 0
L =|.. (2.85)

Qll
Qll
2.
=
=
T
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5§ U, 0 0
U =\|.. (2.86)
0 0 5 I_J./\L—oo
0 0 0 5
And:
=N =N
L, :N1,2
=N =n -1 = n
U, = (N1,2) M,
=n =N =Nn="n (287)
Lr *Nr,r—l - M’I" Ur—l Zf re [27N - 1]
=n =n\ 1 =n
o :<Lr) M., if re[2N—1]
The system [2.80] is equivalent to:
—n=n U xm=yn
LU X" =K" < {_.n (2.88)
LY"=K"
where:
vy =(5)
Yok =" tot,n N/ nrn ; _
Y= (L) (K M Y" 1) i rERN-I g
=n+1 n
N =Yy
=n+1 n =n
. =Y -UX', if reN-172]

Fiber Equations in Non-Dimensional Form

The equation above are non-dimensionalized throught these terms:

m kg m?
Ur |:7:| ) P 3| Vi i—
s m s
So the terms involved in the system of equations [2.69]-[6.42], are re-written

in non-dimensional form using the apex ¥ (differently from the flow field
with the apex 7), in this way:

2
u v w tu
— v Lowt Ol il

+ — — —
u, = = — = 5 =
Ur Ur puz 1%
_0PUr o Pp Ul o Sep
a = pp - UL;T - Q’l‘ - 9
1 p Uy pu?

Ey = Efu?p X} =

T
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The final system for the equations of motion in non-dimensional form and
discretized in time, is shown in appendix (secs.[6.7],[6.8]).

Two-way Coupling

The role of the particles inside the flow field is linked directly to the feed-
back effect or two — way coupling. Here the particle suspension could be
locally sufficiently dense so that the effect of the particles on the fluid phase
is important: therefore force from the flow to the particle ats simultaneously
back on the same fluid phase through Newton’s third law, so we have a new
term inside Navier-Stokes equation that will take in a account it.

Therefore, we could write the volume fraction of particles as:

N,V,

o, =—L2F 2.90
p v ’ ( )
where N, is the number of particles, V},, is the volume of a single particle
and V is the volume occupied by the fluid and by the particles. Two —way

coupling, for spheres, is based on the hypothesis that:

107° < ®, <1072

Implementation of two-way coupling

We can recall the eq.[2.2]:

p [?91; T (U-V)“} = —VP + pV?u + foy.

The most straightforward method in order to compute the term fy,, is to

consider it as the sum of the volume forces exerted by the single element on
the fluid (Particle in cell method (Crowe et al., 1977)), that is given by:

N

N
fow =Y Y FY, . (2.91)

ip=1r=1

where n,, is the number of particles constituting the whole set. The par-
ticular the contribute of the single element r of generic fiber i, F;’;U’T, is

calculated from the force "%, defined in the eq. [2.57], [2.62], expressed in
[N], exerted by the fluid on the element r.

Since the feed-back force due to the 3"¢ action-reaction Newton’s law, we
can write: _
F

2w,r

= —FP"§ (x —xlr) (2.92)
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where & (x — xip) is the volumic Dirac function centered at the element

. i
location x,”.

However, starting from this point, the force fy,, to be included in the
Navier-Stokes eq.[2.2] can also be calculated through a more refined method
than the one proposed above. In fact, following Gualtieri et al. (2014), the
two — way force can be redefined taking into account the time necessary for
the momentum exerted on the particle to the surrounding fluid to be dif-
fused, starting from the position of the particle, towards the closest nodes.

Npm N
f2w = Z Z FZQZ),T (t - ER) ) (293)

ip=1r=1
where ¢t — €g is the time delay in which the force diffuses from the particle
position to the neighbouring nodes. In particular eg is the regularization
diffusion time scale, defined starting from the smallest lenght scale nx =
vV 21/63.
Also the feed-back force due to the 3" action-reaction Newton’s law, should
be re-written in order to take into account this time delay:

Fy, (t—er) = —F2(t —ep)g [x — x¥ (t — eg) , €r] (2.94)
where F2' (t—eg)) is again the contribute of the single element r of generic
fiber i, defined in the eq.[2.62], [2.57], expressed in [N], exerted by the fluid

on the element r, but evaluated at the time t—eg, and g |x, an’” (t—€r),€er

is the solution of the diffusion equation.

eap | — lx=x? (t—cn)|l®
[x —x¥ (t —€R) , eR] A (2.95)
g |x—Xx/7r — €R),€ER| = . .
[dmv (t — eg)]*/?

Eq.[2.93] should be non-dimensionalized with the ”~” units, while F;‘l’ur is
non-dimensionalized with the wall units ” 7.
Then, we have to write, for each segment of each fiber (the definition of

F. "% s given in sec[6.7]):

dvipﬁ Dip,+ 1 ip,+ ipyt
Wh**e; =F " |t+751; + mi; (Xr+1 - X ) lt+ =, (2.96)

3
v
_ +
m=mio (1)

The time go from t* to t~ with the follow equation:

where:

tt+
" Re,’

—
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so we have:

D,i Diip,+
~ . Fr P Fr slps
Rt = (”3) S (2.97)
R My u; mp B
and:
ip,+ ip
F2w,7"|t7—67 = 2w,7‘ﬁ|t—5 =
=—FP(t—ep)g[x—x (t—ep),e ]i—
=—-F, R)Y 7 B €R] = (2.98)
pDiint ‘
= B e b (- e) el
where:
x——xP T ~—e2)|I?
eap |- X Et —<x)ll
g [xT —xT (tT —€g) 5] = R G (2.99)
T R):¢R] = :
[amh? (1 — )]

Since the Navier-Stokes equations are ertten using the channel units —, we
have to trasform the drag force term sz ,» in this non-dimensional formu-
lation:

_ h
e e <,ouz> i

[E Srtea] () -

2
ip=1r=1 T
N,, N o . mr
Z Z F; sipyt (f - 61_%) g~ [xi — x0T (f - 61_3) ,e;z] R—;.
ip=1r=1 T
(2.100)

From a mathematical point of view the constraint in the domain D~ is
/7 g [xT —xT (t7 —€g).€ep)dx” =1 (2.101)
From a numerical point of view the previous constraint become:
/ g [xT —xpT (I —€g).€ep) dx =1, (2.102)
D -

where Sp(;], is the spere centered in xi”’_ and with a radius of 6.
K
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Validation

To validate our code for the Lagrangian tracking we can consider the be-
haviour of a single flexible fiber in a simple shear layer flow, aligned with
the moving walls (i.e. aligned with compressive axes of the ambient rate
of strain), and compare our results with those obtained by Delmotte et al.
(2015) with the gears model. First of all, it is necessary to define the bend-
ing ratio, BR, which is a dimentionless parameter and identifies the ratio
between the bending stresses over the shear stress, as shown in Schmid et al.
(2000); Forgacs and Mason (1959). The bending ratio is defined as:

_ Ey [In (2r.) — 1.5
A2 (M)

where A), is the aspect ratio of the fiber, r, = 1.24 (NMA,) //In (M)
calculated from Cox (1971) empirical formula is the equivalent ellipsoidal
aspect ratio, and * is the shear rate of the carring flow.

In order to be consistent with the result by Delmotte et al. (2015), we con-
sider a flexible fiber with Re,, , ~ 0 (so forces and torques have the analytical
solution proposed by Kim and Karrila (1991)) for each of the A/ elements,
and we compare the results for BR = 0.04, as shown in Fig.[2.8]: The fiber

BR (2.103)

0.6 ‘
04t
02+ :

=
~— 0 L
8

-0.2 1

0.4 ¢ O Delmotte et al., (2015)
m— Present model

0.6 ‘ ‘ ‘ ‘ ‘
06 -04 02 0 02 04 06

FIGURE 2.8 — Time deformation of a flexible fiber in a shear flow, the present model
(straight lines) is compared with the gears model developped by Delmotte et al. (2015)
(circles)

with the present model, in this results, is build up with N' = 9 elements
with aspect ratio A, = 1.4.
In general if a fiber is fully stretched at rest, it will symmetrically deform
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in a shear flow. If the fiber is initially aligned with the moving walls, it will
deform assuming the “S-shape” observed in Fig.[2.8].

In particular from the Fig.[2.8] we see an excellent agreement between in-
stantaneous position and deformation predicted by the present model and
the result provided by the gears model of Delmotte et al. (2015).
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Dilute Suspension of
Flexible Fibers

“Tu prova ad avere un mondo nel cuore
E non riesci ad esprimerlo con le parole”.

- Fabrizio De André, Un matto

Part of the results presented in this chapter, have been accepted in the
journal Acta Mechanica, under the title: ”Orientation, distribution and de-
formation of inertial flexible fibers in turbulent channel flow”, (D.Dotto and
C.Marchioli, 2019).

Other part of the results presented in this chapter, are under review, in the
journal Meccanica (selected for special issue), under the title: ”Defomation
dynamics of flexible fibers in turbulence”, (D.Dotto and C.Marchioli, 2019).

In this chapter, we characterize from a statistical point of view the be-
havior of a dilute suspension of fibers. We first provide a summary of the
simulations, followed by a comprehensive statistical analysis of fiber trans-
lation, rotation and deformation dynamics under the one — way coupling
regime.

Summary of Simulations

In this first part of the thesis we consider the motion of a dilute suspension of
flexible fibers in turbulence (i.e. fa,, = 0 and contacts among the fibers are
not considered). Moreover the following results are related to simulations in
which there is no bending stiffness between two neighbouring elements (i.e.
Ey = 0) and the fibers’ rebound on the wall is fully elastic (see sec.[6.1]).
The same time step size as that of the fluid is used for integration, and the
total Lagrangian tracking time in wall units is t+ = tv/u2 = 1250, which
was enough to reach the steady state in fiber wall-normal concentration.
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Simulations are carried out at friction Reynolds number Re, = u.h/vy =
150, where u, = 0.1177m/s is the friction velocity based on the mean wall
shear stress and on fluid density, v = 1.57 - 107m? /s is fluid viscosity and
h = 0.02m is the channel half height. The corresponding bulk Reynolds
number is Re = uyh/v ~ 2250, where u, = 1.77m/s is the bulk velocity.
The Reynolds number based on the hydraulic diameter is Rep =~ 9000. The
size of the computational domain is 1885 x 942 x 300 wall units in z, y and
z, discretized with 128 x 128 x 129 grid nodes. The non-dimensional step
for time integration is 0.003 in wall units.

The relevant parameters for time integration are a, A\, and the response
time of the fiber element (Shapiro and Goldenberg, 1993):

2a2/\rp;," In </\r + \/)‘72"7_1>

T, =
b,r 9V )\% 1

(3.1)

In this study, we have selected the following dimensionless values: at =
0.17 (corresponding to a ~ 22.7um in dimensional units), A, = 2,5, and
St, = 7,/75 = 1,5,30 with 74 = v/u2. For this choice of values, fiber
specific density is varied in the range 102.4 < p; < 3071.8 for A\, = 2 and
66.55 < pz“,‘ < 1996.5 for A\, = 5. The corresponding Stokes numbers for a
fully stretched fiber (namely for a rigid fiber with equal density and total
length Ly = 2N, are: Sty = 2.2,11.0 and 64.9 for A\, = 2, and Sty =
1.8,9.1 and 54.5 for A, = 5, respectively. To ensure converged statistics,
swarms of N,,, = 10° fibers, each having N’ = 7 elements (as in Andri¢ et al.
(2013)), are tracked for each combination of values in the (A, St,) space,
assuming one-way coupling between the phases. The corresponding volume
fractions are ®y ~ 0.8 -10% for A\, = 2, and &y ~ 2.0- 104 for \, = 5,
whereas the percent mass fractions are in the range 0.6 < (1)171\3[ < 19.2 for
Ar =2 and 1.0 < @E < 31.1 for A\, = 5. The parameters are summarized
in Tab.[3.1].

The time step used, ensures that during the simulation is respected, for
every fiber, the following constraint:

21,
*l.0, — + < T
||pr +a rOr Pr+1 +a 7‘+10r+1|| =100

In order to be within the limits of the model, individual fiber elements are
smaller (or not longer, at least) than the smallest flow scale; however the
entire fiber is longer regardless of A,.. In the present flow configuration,
the Kolmogorov length scale has a mean value n},avg ~ 2 and varies from
W}J?,mm =~ 1.62 at the wall to n}’maz ~ 3.61 at the channel center (Picciotto
et al., 2005). The semi-length of a fiber element is I;7 ~ 0.34 for A\, = 2 and
I ~ 0.84 for A\, = 5, corresponding to a total length of a fully stretched
fiber L;{ ~ 4.7 (equivalent to Ly ~ 634.9um in dimensional units) for
Ar =2 and LJT ~ 11.8 (equivalent to Ly ~ 1587.3um in dimensional units)
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for A\, = 5. The corresponding ratio of fiber length to channel half height
is Ly/h ~ 0.032 and Ly/h ~ 0.079, which is higher than those considered
by Andrié¢ et al. (2013) (0.013 < Ly/h < 0.03). Fiber elements will thus
experience slightly different local flow conditions (velocity fluctuations and
gradients) with respect to their neighbours (Ravnik et al., 2018): Our model
can take these differences into account, and can reproduce their effect on
the overall translational and rotational dynamics of the fiber. By doing
so, we expect to observe a different long-term behaviour in fiber dispersion
compared to the case of rigid fibers, which evolve only according to the flow
conditions at the position of the fiber center of mass.

St | A | a* py | L} | Sty Dy 7,
1 [ 2017 1024 | 47 | 22 [08-10°%[ 06
1 51017 | 66.55 | 11.8 | 1.8 | 2.0-107* | 1.0
5 | 2017 ] 5120 | 47 [11.0 [ 0.8-107% | 3.2
5 | 5017 | 3228 | 11.8 | 9.1 | 20-107* | 5.2
30 | 2 [0.17 [ 3071.8 | 47 [ 64.9 [ 0.8-107% | 19.2
30 | 5 | 0.17 | 1996.5 | 11.8 | 54.5 | 2.0-107* | 31.1

TABLE 3.1 — Summary of the parameters in the simulations

Results and Discussion

In this section, we provide a statistical characterization of fiber translational
and rotational dynamics inside the channel. Fig.[3.1] provides a qualitative
visualization of the instantaneous distribution of the St, = 5 fibers in a
fluid slab of size 698 < 1 < 1306, 297 < y* < 705, 0 < 2zt < 150. The
non-homogeneous distribution attained by the fibers, which are released in
a fully-stretched configuration (all fiber elements are aligned) at random
position and with random orientation, is evident and is biased by fiber in-
ertia. Our aim is to quantify the effect of flexibility on the macroscopic
processes that stem from such distribution, namely preferential concentra-
tion and near-wall segregation (Martinez et al., 2017). To this aim, several
statistical observables discussed in this section provide direct comparison
against the case of rigid fibers with equal shape and mass. Note that, in the
present simulations, a rigid fiber is fully equivalent to a flexible fiber when
the latter is completely stretched.

Velocity Statistics

The mean streamwise velocity, (vg ) (lines), of the different fiber sets is
shown in Fig.[3.2], together with the mean streamwise velocity, (u, g) (sym-
bols), of the fluid seen at the fiber’s center of mass G. These profiles were
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FIGURE 3.1 — Instantaneous distribution of St,, = 5 fibers in turbulent channel flow.
For visualization purposes, only fibers in the slab 698 < 1 < 1306, 297 < y* < 705,
0 < 2t < 150 are shown. Colormaps at the sides of the slab show the streamwise fluid
velocity distribution (red: higher-than-mean velocity, blue:lower-than-mean velocity

obtained by computing the instantaneous values of v, and u, at the center
of each fiber element (this implies interpolation for w,) and then by aver-
aging: Over all elements of one fiber, over all fibers located at the same
wall-normal distance, and Over time.

The resulting mean quantity is represented by angular brackets, (... ), here-
inafter. Values for velocities are expressed in wall units, but the superscript
T has been dropped for ease of notation. We remark that, different from a
rigid fiber, the position of the center of mass of a deformed fiber does not
necessarily coincide with the position of center point of the fiber’s middle
element. Each panel in Fig.[3.2] refers to a different Stokes number, and
compares the velocity profiles for different aspect ratios. The horizontal
axis starts at zT = 1 because the number of fibers comprised between the
wall and this location is too low to ensure convergence of the statistics. It
is apparent that fibers with small inertia (St, = 1, panel (a)) move at the
same mean velocity of the surrounding fluid, lagging slightly the Eulerian
fluid velocity in the buffer layer. As fiber inertia and elongation increase,
(vg,c) starts to deviate from (ug @) especially in the near-wall region where
fibers appear to lead the fluid proportionally to their length. The extent of
this region widens as the fiber Stokes number is increased, reaching out in
the buffer region for the St, = 30 fibers (Fig.[3.2](c)). Here, the tendency
of fibers to lag behind the fluid and sample regions of the flow characterized
by local fluid velocity lower than the mean is enhanced by inertia. These
observations are in agreement with previous studies in which rigid fibers
were considered (Marchioli et al., 2010), suggesting a negligible effect of
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FIGURE 3.2 — Fiber mean streamwise velocity, <UZ7G>. Subscript G indicates that the
velocity at the fiber’s center of mass G is considered. For comparison purposes, also
the mean fluid velocity seen by the fibers is shown. Panels: (a) St = 1; (b) St = 5;
(c) Str = 30. Symbols represent fluid velocity interpolated at point G, solid and
dashed lines represent fiber velocity, dotted lines represent the Eulerian fluid velocity.

deformability on the capability of fibers to maintain their streamwise mo-
mentum while drifting to the wall due to turbophoresis. The difference
between (v,,¢) and (u, ) indicates that a relative velocity between each
fiber element and the local fluid is established.

The resulting Reynolds number, Re,, ,, computed using eq.[2.54], is shown
in Fig.[3.3] as function of the wall-normal distance. The values attained
by Re, , determine the specific expression used to compute the drag coef-
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ficient Cp, according to eq.[2.65]. As expected, Re, increases as fibers

3

— A =2
-- A\ =5

FIGURE 3.3 — Fiber element’s mean Reynolds number, Rep . Solid lines: A\, = 2;
dashed lines: A\, = 5.

approach the wall, and is larger for higher-inertia fibers. A maximum is
reached around the location of maximum fiber-to-fluid relative velocity, but
values remain always smaller than unity. Interestingly, Re, , is larger for
flexible fibers with lower aspect ratio (except for the St, = 30 fibers inside
a thin near-wall region). This is due to the fact that fibers with A, = 2
are characterized by higher density with respect to A, = 5 fibers (this is
needed to keep the values of St, and a™ fixed) and, in turn, by higher mass
and higher value of St¢: Therefore, shorter fibers are expected to exhibit a
larger relative velocity difference with respect to longer fibers in our simu-
lations.

Because fibers are anisotropic in shape, their rotational dynamics are also
important to understand their interaction with the flow. In Fig.[3.4], we
show the spanwise component of the mean angular velocity, (wy.a), for the
different fiber sets. This observable quantifies the ability of the fiber to
perform tumbling-like rotations in the longitudinal x — z plane. The mean
vorticity of the fluid ”seen”, (€, ), and the mean Eulerian fluid vorticity,
(Qy), are also shown: These profiles are obtained using the same compu-
tation as in Fig.[3.2]. The streamwise and wall-normal components are
not shown since their average value in the wall-normal direction is always
equal to zero. Lines and symbols are as in Fig.[3.2]. Different from the
translational velocities, the fiber angular velocity (lines) exhibits significant
deviations from the vorticity of the fluid ”seen” (symbols) for all St,: Fibers
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FIGURE 3.4 — Fiber mean spanwise angular velocity, <wy,c>. Subscript G indicates
that only the velocity at the fiber’s center of mass G is considered. Panels: (a) St, = 1;
(b) Str = 5; (c) Str = 30. Lines and symbols are as in Fig.[3.2]

always lag the fluid and rotate at a slower rate, especially when characterized
by small inertia. Note that the fibers sample fluid regions characterized by
vorticity larger than the Eulerian one. We also observe that the behaviour
of (wy,) is dependent on the aspect ratio (namely on the rotational inertia
of the fiber), which has no effect on (Q, ¢): Shorter fibers tend to rotate
faster than longer ones, this tendency being more evident for small fiber
inertia. As discussed in Marchioli et al. (2016), the rotational inertia of an
elongated particle can be parameterized by a Stokes number St,o |, re-
ferred to the minor symmetry axes of the fiber, which quantifies the inertial
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response of the fiber to tumbling; and a Stokes number St,..; ||, referred to
the major symmetry axis of the fiber, which quantifies the inertial response
of the fiber to drilling. It can be shown that both St,, ; increases with
aspect ratio, whereas St,.,; || decreases. This implies that, in our simulation
setting, fibers with higher aspect ratio exhibit higher rotational inertia with
respect to tumbling, thus explaining the trends shown in Fig.[3.4].

Orientation Statistics

The orientation of the fibers within the flow provides useful information
about their preferential alignment. In Fig.[3.5], we shown the probability
density function (PDF) of the fiber mean orientation in the streamwise and
wall-normal directions, indicated as (o, ¢) and (o, @) respectively.

All fiber sets are considered, and PDF's are conditioned to the location of
the fiber in the wall-normal direction: Lines refer to PDF's computed con-
sidering only fibers in a near-wall region of thickness equal to 50y g, with
dy s the viscous sublayer thickness (equal to 6 wall units in the present sim-
ulations); symbols refer to PDF's computed considering only fibers in the
bulk of the flow (namely, fibers located at distances larger than 55y g from
the wall). The thin solid line in each panel represents the PDF correspond-
ing to a random distribution of fiber orientations in a three-dimensional
domain. We remind that the component o, (resp. o) of the orientation
vector is equal to the absolute value of the cosine of the angle between
the major axis of the fiber element and the streamwise (resp. wall-normal)
coordinate of the Cartesian frame of reference. Therefore, o; = 1 (resp.
0; = 0) means that the fiber is aligned with (resp. orthogonal to) the jt*
flow direction. Because we are examining flexible fibers, an orientation can
be computed for each element of the fiber. The profiles shown in Fig.[3.5]
were obtained upon averaging o, and o, over all elements of each flexible
fiber; and then averaging the resulting values over all fibers pertaining to
the same near-wall or bulk-flow fluid slab.

For the case of fibers with low inertia (St, = 1, panels (a) and (b) in
Fig.[3.5]) a significant difference can be observed between the near-wall
PDF and the bulk-flow PDF for both aspect ratios examined. The near-
wall PDF' is negatively-skewed (resp. positively-skewed) for (o, ) (resp.
(02,¢)), indicating that St, = 1 fibers are preferentially aligned with the
streamwise flow direction, and perpendicular to mean shear. This trend is
more evident for the longer fibers (compare dashed and solid lines). The
bulk-flow PDF is more symmetric and relatively insensitive to the aspect
ratio. This finding is in agreement with the fact that turbulence in the cen-
tral region of the channel is more homogeneous and isotropic and, hence,
is expected to induce little or no preferential orientation. The symmetry
of the bulk-flow PDF is maintained also at higher Stokes numbers, even
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FIGURE 3.5 — Fiber mean orientation in the streamwise and wall-normal directions,
<OI,G> and <OZ,G>, respectively. Subscript G indicates that the orientation of the
fiber’s center of mass is considered. Panels: (a), (b) St, = 1; (c), (d) St = 5; (e), (f)
St = 30. Solid lines represent the orientation of fibers in a near-wall slab of thickness
0 < zt < 58y 5 with &y g the thickness of the viscous sublayer. Symbols represent
the orientation of fibers in a core-flow slab of thickness 50y g < 2zt < h.

if a non-negligible A,-dependence is observed. What is more interesting to
discuss is the behaviour of the near-wall PDF', which changes significantly
between St, = 5 and St, = 30. At the intermediate Stokes (panels (c¢) and
(d) in Fig.[3.5]), the PDFs of the A\, = 5 fibers are just slightly skewed,
indicating that the increase in fiber inertia has reduced the tendency to
attain a preferential orientation within the flow. The PDF of (0, ) for
the A\, = 2 fibers (panel (c) in Fig.[3.5]), however, exhibits a sharp peak at
values close to unity, which is associated to a marked drop in the PDF of
ho (0.,¢) (panel (d) in Fig.[3.5]). This peak is due to fiber trapping in a
thin region very close to the wall: In this region, alignment with the mean
flow direction is determined by the geometric constraint imposed by the
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presence of the wall in combination with the fiber-wall interaction model
adopted in the present study. The striking difference between the PDF's
occurring at St, = 5 is lost almost completely at St,. = 30: In this latter
case, fiber inertia is high enough to damp any effect due to the fiber aspect
ratio in the near-wall region. More in general, fiber flexibility is seen to
become of secondary importance when fiber inertia is large.

Preferential Concentration and Near-Wall Seg-
regation

Because of inertia, elongation and flexibility, the macroscopic outcome of
fiber translational and orientational behaviour is twofold: A non-homogeneous
spatial distribution is attained in both the wall-normal and wall-parallel di-
rections. To characterize statistically such distributions, we focus here on
two observables: The fiber particle number density, referred to as concentra-
tion hereinafter (shown in Fig.[3.6]), and the PDF of the fluid velocity fluc-
tuations sampled by the fibers in the near-wall region (shown in Fig.[3.8]).

Fiber concentration, C¢/Co ¢, is computed as follows:

1. the flow domain is divided into N, wall-parallel fluid slabs of equal
thickness;

2. the number Ny (t*) of fibers with center of mass G falling in each
fluid slab at a given time step is counted;

3. the number density Cq(tT) = Ny 4(t)/Vs is computed, with V; the
volume of the s* slab;

4. the normalised concentration is obtained dividing Cq/(¢t1) by its initial
value Cp.¢ = Cqli+—o-

By doing so, values of C/Co ¢ larger (resp. smaller) than unity indicate
accumulation (resp. depletion) of fibers. Profiles shown in Fig.[3.6] refer to
time ¢+ = 1250 of the simulations and were obtained using N, = 300. To
highlight the effect of flexibility on wall-normal accumulation, profiles for
flexible fibers (lines in Fig.[3.6]) are contrasted with profiles for ”equivalent”
rigid fibers having the same physical and geometrical parameters (symbols
in Fig.[3.6]). At low fiber inertia (Fig.[3.6](a)), the concentration of flexi-
ble fibers in the near-wall region is always higher than that of rigid fibers,
indicating that flexible fibers experience a stronger wallward turbophoretic
drift. This allows a more efficient trapping of the flexible fibers inside the
viscous sublayer, in particular within 2 or 3 viscous units from the wall.

At intermediate inertia (Fig.[3.6](b)), the largest differences are observed
for the shorter St,. = 5 fibers: In this case, the peak of concentration for
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FIGURE 3.6 — Profiles are taken at time ¢tT = 1250. Panels: (a) St, = 1; (b) St, = 5;
(c) Str = 30.

flexible fibers (solid line), located at 2T ~ 2.5, is significantly lower than
that of the rigid fibers (circles), but the number of flexible fibers in the last
1.5 viscous units from the wall is higher. The concentration profile for the
longer St, = 5 fibers (dashed line) does not differ much from that of the rigid
fibers (squares), even if a slightly lower peak of concentration is observed
for the flexible fibers. Examining now the St, = 30 fibers (Fig.[3.6](c)), we
observe again that flexibility is associated to stronger accumulation in close
proximity to the wall, especially in the A, = 2 case. In this case, it can also
be noted that the peak value of concentration is not much affected by the
increase of inertia (this value being nearly the same as that obtained for
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FIGURE 3.7 — PDF of the fluid velocity fluctuations sampled at the position of the
fiber’s center of mass G in the near-wall region (in a fluid slab Azt = 30 thick).
Panels: (a) St, = 1; (b) St, = 5; (c) St = 30.

the St, = 5 fibers), whereas a strong decrease is found for the rigid fibers
(from Cg/Co,c ~ 16 in panel (b) to Cq/Ch ¢ =~ 6 in panel (c)). Overall,
rigid fibers seem to be more sensitive to a change in their inertia as far as
wall-normal accumulation is concerned, and flexibility appears to produce
significant quantitative modifications to concentration profiles.

The analysis of concentration profiles indicates that, in agreement with the
findings of previous studies on pointwise spherical particles (see Soldati and
Marchioli (2009) for a review) and rigid fibers (Marchioli et al., 2010), wall
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FIGURE 3.8 — Instantaneous fiber distribution in the near-wall region. For visualization
purposes, only the St, = 5 fibers with A, = 5 in the slab 0 < zT < 30 are shown. The
colormap shows the streamwise fluid velocity fluctuations (red: high-speed streaks
with u’Gz > 0, blue: low-speed streaks with ule < 0). Panel (b) is a close-up view
of the rectangular region highlighted in panel (a).

accumulation of flexible fibers is driven by turbophoresis and modulated by
fiber inertia. In view of this analogy, it is therefore natural to expect simi-
larities in the spatial distribution of the trapped fibers, namely formation of
elongated streaks within the low-speed regions of the flow. A sample snap-
shot of the instantaneous distribution of the flexible fibers in the present
simulation setting is provided in Fig.[3.8].

The St, = 5 fibers with A, = 5 are chosen as reference for visualisations.
The correlation between fiber clusters and low-speed regions (in blue) is
quite clear, and can be appreciated better in the close-up view of Fig.
[3.8](b), where high-speed regions (in red) appear depleted of particles. To
quantify this correlation, in Fig.[3.7] we show the PDF of the streamwise
fluid velocity fluctuations, <u;7G>, sampled at the position of the fiber’s
center of mass G. The PDF is conditioned to the wall-normal location of
G: Only fibers with center of mass within a near-wall region of thickness
Azt = 30, considered as trapped, where taken into account for the calcu-
lation. For comparison purposes, the PDF's for flexible fibers (lines) are
shown together with the PDF's for rigid fibers with the same physical and
geometrical parameters (symbols). As previously, angular brackets denote
triple averaging: Over all elements of a single fiber, over all fibers in the
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selected fluid slab and over time. Comparing the three panels of Fig.[3.7],
the following observations can be made. First, the effect of flexibility on
segregation into low-speed streaks is limited to fibers with low or inter-
mediate inertia: In the St,. = 1 case, the peak of the PDF for both the
Ar = 2 fibers and the A, = 5 fibers in the negative hu (u/, ;) semi-plane
decreases with respect to the rigid fibers and the curve is more negatively
skewed in the positive <u{EG> semi-plane, indicating weaker segregation; in
the St = 5 case, the peak of the PDF for the A, = 2 fibers in the negative
<u;G> semi-plane increases and the curve is less negatively skewed in the
positive <u;G> i semi-plane, indicating stronger segregation. In all other
cases, namely St,. = 5 fibers with A\, = 5 and St, = 30 fibers (regardless of
the aspect ratio), the deviation of the PDF's is minor indicating no effect
on segregation. In particular, as the Stokes number is increased, inertia ap-
pears to dominate over flexibility even if changes in the shape of the PDF
due to the different fiber elongation become more evident: Longer fibers,
no matter if rigid or flexible, exhibit stronger tendency to segregate in low-
speed streaks, in agreement with the findings of Marchioli et al. (2010).

The statistical observables discussed in this section demonstrate that flex-
ibility can lead to significant quantitative changes in the macroscopic phe-
nomena associated to inertia-driven preferential concentration, and that the
importance of these changes on fiber dynamics depends in a non-trivial way
on aspect ratio.

Bending

One crucial aspect of fiber dynamics is bending, induced by the fluid veloc-
ity gradients acting along the fiber. Even if our study is based on a point-
particle approach, the model used to approximate the fiber can take into
account the effect due to a spatial change of velocity gradients by consider-
ing their value at the center of each element composing the fiber. Fig.[3.9]
provides a qualitative visualization of the instantaneous distribution of the
St, = b fibers in a fluid slab of size 698 < zT < 1021, 297 < yT < 559,
0 < 2zt < 120; the fluid structures in blue represents the Q-criterion in the
range [—0.05, —0.008]: To quantify bending, we use the three-dimensional
fiber end-to-end distance, which is the distance between the end points of
the fiber. When the fiber is fully stretched, it means that the end-to-end
distance is equal to the fiber length Lj[, when the end-to-end distance is
zero, the two end points of the fiber touch each other.

In particular we study the fiber end-to-end distance (expressed in wall
units), for two different subsets: fibers in the near wall region and fibers in
the center of the channel. Statistics are shown for all fiber sets in Fig.[3.10].
Curves are conditioned to the location of the fiber in the wall-normal direc-
tion as in Fig.[3.5]: The length of a fully-stretched fiber, represented by the
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FIGURE 3.9 — Instantaneous distribution of St = 5 fibers in turbulent channel flow.
For visualization purposes, only fibers in the slab 698 < 1 < 1021, 297 < yT < 559,
0 < zt < 120 are shown; the fluid structures in blue represents the Q-criterion in the
range [—0.05, —0.008]. Colormaps at the sides of the slab show the streamwise fluid
velocity distribution (red: higher-than-mean velocity, blue:lower-than-mean velocity

horizontal thin solid lines in Fig.[3.10], is L;f = 4.7 (resp 11.75) for a fiber
with A, = 2 (resp. A\, = 5): Lower values of L* indicate bending.

Starting from the initial time step of the simulations (in which the fibers are
fully stretched as initial condition) we observe a decrease of L for all fiber
sets and in all regions. In general we can see that the fibers in the near-wall
region (lines), reach the steady state condition earlier than the fibers in the
center of the channel (symbols). Moreover the fibers with low apect ratio
reach the steady state condition earlier than the fibers with higher aspect
ratio.

In the St, = 1 case (Fig.[3.10](a)), the steady state value of L for the fibers
in the near-wall region is the same for the fibers in the center of the channel
for both the aspect ratios. The fibers with lower A, in the near-wall region
(solid line) reach the steady state condition at t* ~ 75 while those in the
center of the channel (line with circles) reach the steady state condition at
t*t ~ 150. The trend is similar for the fibers with higher \.. The fibers in
the near wall region (dashed line), reach the steady state at T ~ 150; while
those in the center of the channel (line with squares), reach the steady state
condition at ¢t ~ 300.

In the St, = 5 case (Fig.[3.10](b)), the steady state values of Lt for the
fibers in the near-wall region is higher indicating lower deformation (this
effect being higher for A, = 2). This is also observed at higher fiber iner-
tia, as can be seen in Fig.[3.10](c). As before, the state state condition is
reached earlier by the fibers in the near-wall region and with lower aspect
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FIGURE 3.10 — Dimensionless time behaviour of fiber end-to-end distance, LT. Panels:
(a) Str =1; (b) St = 5; (c) St = 30.

ratio. This occurs also for the St, = 30 case.

The results shown in Fig.[3.10] indicate that mean fiber deformation is char-
acterized by an initial transient during which fibers adapt to the local flow
conditions and ”forget” about the imposed initial condition. This transient
is generally shorter in the near-wall region due to the persistent action of
the mean shear, while fibers in the bulk of the flow (especially those in the
center region of the channel) are subject to a nearly delta-correlated flow
field. Eventually, a steady state is always reached, and the effect of flow
anisotropy on mean deformation is felt only at sufficiently high fiber inertia
(St > 1 in the present simulations).
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FIGURE 3.11 — Dimensionless fiber end-to-end distance, Lt. Panels: (a) St, = 1; (b)
St = 5; (c) St = 30.

Once the steady state is reached, it is possible to correlate the end-to-end
distance with the wall-normal coordinate. This correlation is shown in di-
mensionless form (wall units) and for all fiber sets in Fig.[3.11].

Profiles refer to a mean distance, averaged over all fibers in the flow do-
main and in time (over the last 90 viscous time units of the simulation).
As in Fig.[3.10] the length of a fully-stretched fiber is represented by the
horizontal thin solid lines. Starting from the wall and moving away from
it, we observe an increase of L™ for all fiber sets. In the St, = 1 case
(Fig.[3.11](a)), this increase continues up to 2zt ~ 20: beyond this point,
the curves reach a plateau that is maintained throughout the core region of
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the flow. The plateau value of L™ is roughly equal to 60% of L}' regardless
of the element’s aspect ratio. In the St, = 5 case (Fig.[3.11](b)), L reaches
a rather sharp maximum at 2z ~ 10 — 15, indicating local stretching, and
then drops to a uniform value (again approximately equal to 60% of LS‘ )
beyond 2z ~ 50 from the wall. In the St, = 30 case (Fig.[3.11](c)), the
maximum of L™ is more evident and corresponds to a wider region of fiber
stretching. As before, we find that the ratio of the end-to-end distance to
the length of the fully-stretched fiber is roughly equal to 0.6. It also sug-
gests that fiber bending away from the wall is weakly dependent on St,. and
Ar. This independency can be attributed to the fact that, outside of the
buffer layer, the length of one fiber element is significantly smaller than the
local Kolmogorov scale and the length of the entire fiber is smaller than
TNk, value for which fiber rotation is independent of inertia (Parsa et al.,
2012). The conclusion of effect of turbulence on fiber’s bending is the same
for the steady state part of the Fig.[3.10].

We remark that, once the steady state is reached, the region of higher
stretching correlates well with the region of maximum turbulent Reynolds
stress and that the strength of this correlation depends on inertia, as well as
on elongation since longer fibers appear to get stretched closer to the wall
than shorter ones.

In an attempt to identify a scaling behavior for the time taken by the
fibers to reach a steady-state condition, we computed the correlation of the
velocity fluctuation of the fluid in particle position Corr(u;(t+),t%) (note
that in the following equation the Einstein notation for sum is not valid):

N\ aFy <Uz (t+) Us (0)>

Corr(u;(t7),tT) (1 (0) 5 (0)) (3.2)
To compute this correlation, we divide the domain in 3 zones, the near-wall
region (21 < 5y g), the intermediate region (21 € (5dyg,20dy5)) and the
center region (27 > 200y 5). The correlation is computed following the fiber
along its trajectory, and is conditioned to the region in which the fiber was
initially released. In Fig.[3.12], we show this ”Lagrangian conditioned cor-
relation” for St,. = 1 (panels (a)-(b)) and for St,. = 30 (panels (c)-(d)), as
well as for A\, = 2, in panels (a) and (c), and for A\, = 5, in panels (b) and
(d).
The correlation in general decreases until the steady state (flucutation around
zero) is reached. Regardless of fiber inertia and elongation, we observe that
the fibers relased in the near-wall region (solid line) reach the steady state
condition earlier than the fibers relased in the center of the channel (sym-
bols).
Tab.[3.2] shows the integral time scale associated to Corr(u,(t1),t") at
varying St,. and A,
In particular we observe that the integral time scale is an increasing (resp.
decreasing) function of the Stokes number in the center of the flow (resp.
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ACorm
St, =1 St, =5 St, =30
AM=2 MN=5 AN=2 AN=5 AN=2 X=5
2zt <5dys 18.83 27.89 10.78 13.52 10.62 14.99

2zt € (5;20)0ys  45.11 51.25  33.69 4226  32.07  36.03
2t > 200y 79.55 80.1 87.46  92.74  93.12 98.9

TABLE 3.2 — Lagrangian integral time scale of Corr(ug(t1), (t1).

elsewhere). As expected, the time scale grows as one moves away from the
wall and is an increasing function of the aspect ratio regardless of fiber in-
ertia and of fiber release location.

We computed the same Lagrangian correlation for the end-to-end distance
(in wall units) L™ |;44-. Results are shown in Fig.[3.13]. Starting from the
initial time step of the simulations (when all the fibers are stretched), we
observe a decrease of LT ;.4 over time for all fiber sets in the near-wall
region, and only for the fibers with lower inertia also in the middle and
center regions. LT, for the fibers with higher inertia in the intermediate
and center regions, decreases until a minimum and then increases until the
steady state value. In general, the steady state value of this end-to-end
distance for a given inertia and aspect ratio is independent to the initial
position of the fibers.
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In the St, = 1 case, the A\, = 2 fibers (Fig.[3.13](a)) initialy released in
the near-wal region (resp. the center of the chanel) reach the steady state
condition at ¢+ ~ 75 (resp. tT ~ 150. If we increase the aspect ratio,
this trend is just shift forward. The A, = 5 fibers (Fig.[3.13](b)) initialy
released in the near-wal region (resp. the center of the chanel) reach the
steady state condition at ¢+ ~ 150 (resp. t* =~ 300). In general the steady
state condition is reached at the same time as in Fig.[3.10](a), regarless of
the aspect ratio or the initial position.

In the St,. = 5 case, we observe that the fibers with lower A, (Fig.[3.13](c))
initially released in the near wall region follow a monotonic behaviour, while
those initially released in the center of the channel show a non-monotonic
behaviour with a minimum at ¢+ ~ 300. The fibers with higher ), show a
similar trend. The fibers initially released in the near-wall region (resp. the
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center of the channel) reach the steady state condition at ¢ ~ 150 (resp.
t+ ~ 300).

We observe that, in the St,. = 30 case (Fig.[3.13](e)(f)), regarless of the
aspect ratio, the fibers initially released in the near wall region follow a
monotonic behaviour, while those initially released in the center of the
channel show a non-monotonic behaviour with a minimum at ¢+ ~ 300
as in Fig.[3.13](c).

We observe that the correlation follows the same time evolution for both
fluid velocity fluctuations and end-to-end distance at low fiber inertia, indi-
cating a clear connection between the local flow conditions experienced by
the fibers and their deformation. The correlation weakens as fiber inertia
increases, indicating that mean deformation is not significantly affected by
the instantaneous turbulent flow (but rather by its time-persistent features,
as the mean shear experienced by fibers upon accumulating in the near-wall
region).

Another observable that we examine to characterize bending is the solid
angle «, between two neighbouring fiber elements, r and r + 1:

ar =0,-0q11 Vre[l,N—1] (3.3)

The solid angle «, = 0 corresponds to a situation in which r and r + 1
have the same orientation, whereas bending is associated with «, > 0
(the stronger the bending, the higher the value of «;, in particular a« = 7
means that the the elements r and r + 1 have the opposite orientation). In
Fig.[3.14], we show the scatter-plot correlation between the mean value of
the solid angle (), obtained upon averaging over all fiber elements, and the
relative end-to-end distance, L}“ — LTt (expressed in wall units), at t* = 900
for St, =1 and St, = 5 and at t+ = 1250 for St, = 30.

Here, L;f — L' = 0 represents the end-to-end distance of a fully-stretched
fiber: Hence, the limiting values are L}" — LT = 0, when the fiber is com-
pletely stretched, and LT — Lt = L;{ when the two ends of a fiber touch
each other. The thick solid line in each panel represents the mean value
of L;{ — LT, obtained upon ensemble averaging over all points in the scat-
ter plot and over time (essentially to get (LT)). Error bars represent the
standard deviation from such mean value and provide a measure of the un-
certainty associated with the plots. It can be noted that there is a direct
proportionality between o and L;{ — LT: Stretched (resp. bent) fibers are
characterized by large (resp. small) values of both («) and Lj{ — LT, even
if the distribution in the values of () at small end-to-end distance is rather
widespread.

Once the relation between Lt and () has been defined, we can study
the PDF of the solid angle {a) as is shown in Fig.[3.15]:
All fiber sets are considered, and PDF's are conditioned to the location
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FIGURE 3.14 — Scatter plot of the correlation between the fiber end-to-end distance,
L}F — LT, and the mean solid angle between adjacent fiber elements, (). The solid

line represents the mean value of the correlation. Errorbars represent the standard
deviation from the mean. Rows: (a), (b) St, = 1; (c), (d) St, = 5; (e), (f) St, = 30.
Columns: (a‘)7 (), (e) Ar =25 (b)a (d)> (f) r = 0.

of the fiber in the wall-normal direction as in Fig.[3.5]; this statistics are
averaged in time (over last 90 viscous units).

In the St =1 case, panel (a) in Fig.[3.15], we observe that the fibers in the
near wall region (for both A, = 2;5) sample almost uniformly all the angles
in the range considered in the figure: there is a smooth peak at (o) = 1
and a smooth decay after this peak. The fibers in the center of the channel
sample more or less the same angles (a), but show a more irregular trend;
there is a relative minimum in near («) = 0.7 and a sharp peak is near the
value (o) = 1. The value of (a) ~ 1.2 is related to the preferential value
of an uniform distribution of angles. It means that the fibers in the near
wall-region and in the center of the channel sample preferentially the angles
that represent (on average) a uniform distribution of deformations.
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In the St, = 5 case, panel (b) in Fig.[3.15], we observe that the fibers in the
near-wall region, sample preferentially angles close to (o) = 0: in particular
in the case A\, = 2, there is a pronounced peak for fully stretched fibers. The
fibers in the center of the channel sample almost preferentially the angles
that represent (on average) a uniform distribution of deformations.

In the St,. = 30 case, panels (c) in Fig.[3.15], the behavior is quite similar
to that just discussed for the St, =5 fibers.

We can conclude that the fibers in the center of the channel, regardless of
inertia and elongation, sample preferentially the angles that represent (on
average) a uniform distribution of deformations. In the near-wall region the
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panels refer to the near-wall region, lower panels related to the bulk region; left A, = 2,
right A =5

fibers with high (resp. low) inertia sample preferentially lower deformation
angles (resp. angles that represent a uniform distribution of deformations).

Intuitively, one could argue that the observed trends for the deformation an-
gle correlate with the mean shear rate acting on the fibers, especially in the
near-wall region. To characterize and quantify this relation, in Figs.[3.16],
[3.17] and [3.18] we show the correlation between the solid angle (a) with
the mean vorticity sampled by the center of mass of the fibers in spanwise
direction (€y,,¢). The colormap shows regions of high correlation in red
and regions of low correlation in blue.

agrees well with the trends shown in Figs.[3.10] and [3.15].

At lower inertia, the fibers in the near-wall region (Fig.[3.16](a)(b)) sample
high values of the (€2¢,,) but are deformed more or less in the same way as
those in the center of the channel (Fig.[3.16](c)(d)). In particular the peaks
in Fig.[3.15](a) at (a) ~ 1 are recovered here.

At intermediate inertia (St, = 5, Fig.[3.17]) we observe that the fibers in
the near-wall region (panels (a) and (b)), sample high values of (Q¢ ) and
are more stretched, than deformed, particularly in the case A\, = 2. The
fibers in the center of the channel, regardless of aspect ratio, sample low
values of vorticity in spanwise direction and are more deformed (panels (c)
and (d) in Fig.[3.17]).

At high inertia (St, = 30, Fig.[3.18]) we observe that, regardless of the
aspect ratio, the fibers in the near-wall region (panels (a) and (b)), sample
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high values of (Q¢ ) and are stretched; while in the center of the channel,
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they sample low values of vorticity in spanwise direction and are much more
deformed (panels (c) and (d)).

To conclude, the results shown for the bending, suggest that the fibers in the
center of the channel, regardless of inertia, are more deformed because they
can sample an almost ’isotropic’ and ’homogeneous’ turbulent environment
(as shown in Fig.[3.11]). On the other hand the fibers with high inertia
in the near-wall region are stretched by the mean shear rate. Moreover,
analysis of {a) could lead to interesting findings about the importance of
bending stiffness (which was not included in the present simulations). From
Figs.[3.15]-[3.18], we see that, in the near-wall region, the most natural (or
statistically probable) state for fibers with high inertia fibers is the stretched
one, which corresponds to low values of (a): In this case, bending stiffness
would not play a very important role in fiber dynamics. On the other hand,
we find significant near-wall deformation for fibers with low inertia, corre-
sponding to high values of (a): If the bending stiffness of these fibers would
be accounted for, then they would drain a non-negligible amount of energy
from the fluid. The same would apply to fibers in the center of the channel,
regardless of their inertia.

The bending dynamics observed so far and the effect of the fluid velocity
gradients on fiber deformation can be interpreted by means of the constraint
forces generated within the fiber. These forces are computed directly by the
Lagrangian tracking described in sec.[2.3]. The forces parallel and orthogo-
nal to the direction of the axis of the elements are respectively:

X, -0, Vrel[2,N],

X, xo0, Vrel2,N].

The behavior of these forces along the wall-normal direction is shown in
Fig.[3.19):

Profiles refer to forces averaged over the last 90 viscous time units of the
simulation.

Starting from the wall, and moving towards the center of the channel, we
notice an increase of the forces X, - 0, and X, X o, until a peak is reached:
The location of this peak almost coincides with the location at which fiber
concentration reaches a maximum (see also Fig.[3.6]). Beyond the peak, the
curves decrease monotonically all the way to the center of the channel for
all fiber sets. Fibers with higher aspect ratio, have higher values for both
the forces X, - o, and X, X o,. Since the trend for the parallel and the
orthogonal components of the constraint force is similar (just scaled) the
description of the Fig.[3.19] is given regardless of the type of the force.

In general the increasing of the force is related to inertia: fibers high inertia
develop high constraint forces to avoid relative translation.

The aspect ratio plays an important role in this dynamcs: The fibers with
higher aspect ratio are able to simultaneously sample different fluid regions.
This means stronger interaction between elements with to respect to the
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FIGURE 3.19 — Fiber constraint force in axial and orthogonal direction of the fiber,
X, - 0o and X, X oy, respectively. Panels: (a), (b) St = 1; (c), (d) St = 5; (e), (f)
St = 30. Columns: (a), (c), (¢) X - or; (d), (d), (f) Xr X of.

fibers with lower aspect ratio.

For all sets, we observe that the peak is in the near-wall region (in particular
near the value of maximum concentration Fig.[3.6]). In fact in this region
the momentum transferred by the fluid to the fibers has a maximum.
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Semi-Dilute Suspension of
Flexible Fibers

“The answer my friend is blowing in the wind”.
- Bob Dylan, Blowing in the wind

In this chapter, we characterize from a statistical point of view the be-
havior of a semi-dliute suspension of fibers. We first provide a summary
of the simulations, followed by a comprehensive statistical analysis of fluid
and fiber dynamics under the two — way coupling regime.

Summary of the Simulations

In this second part of the chapter we examine the dynamics of a semi-dilute
suspension of flexible fibers in turbulence (i.e. fa,, # 0 but contacts among
the fibers are still not considered). The analysis is made still neglecting
bending stiffness effects and considering fully-elastic rebound with the wall.
Simulations are run at the same Reynolds number considered for the dilute
suspension flow, and the same time step size is used. The total Lagrangian
tracking time in wall units is t* = tv/u2 = 1250, which was enough to reach
the steady state in fiber wall-normal concentration.

In this study, we have selected the following dimensionless values: at =
0.17, A, = 2,5, and St, = 7,/7y = 30. To ensure converged statistics,
swarms of N, = 2-10° fibers, each having A’ = 7 elements (as in Andrié
et al. (2013)), are tracked for each combination of values in the (\,) space,
assuming two — way coupling between the phases. The corresponding vol-
ume fractions are @y ~ 1.6-107% for A, = 2, and &y ~ 4.0-107% for A, = 5,
whereas the percent mass fractions are in the range @z‘} < 384 for A\, =2
and ®7 < 62.2 for \, = 5. The parameters are summarized in Tab.[4.1].
We recall that the Kolmogorov length scale, has a mean value n;’av g =22,

and varies from nkmm ~ 1.62 at the wall to nIngw ~ 3.61 at the channel
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center (Picciotto et al., 2005).
The time scale in this conditions is € ~ 6.67 - 10-2.

St. | A | a* pi | LT | Sty Dy %
30 | 2 [0.17 [ 3071.8 | 4.7 [ 64.9 | 1.6-1077 | 384
30 | 5 | 0.17 | 1996.5 | 11.8 | 54.5 | 4.0-107* | 62.2

TABLE 4.1 — Summary of the parameters in the simulations

Results and Discussion

Our aim is to quantify the effect considering suspensions with higher volume
and mass fractions on the macroscopic fluid and particle dynamics: several
statistical observables discussed in this section provide direct comparison
against the dilute regime. We start by considering modifications to the flow
field. In Figs.[4.1], [4.2] and [4.3] we compare the vortical flow structures as
obtained using the well-known @) — criterion. The Q — criterion is defined
as Chong et al. (1990):

1 8ui 2 8ul 8Uj

and represents an adequate tool to identify regions of simultaneous high
strain-rate and low vorticity.

The snapshot at ¢+ ~ 1200 and with Q ~ —0.01 in Figs.[4.1], [4.2] and [4.3]
show the istantaneaus flow structures in the planes x — z (side-view), z — y
(top-view) and y — z (front-view) respectively. Top (resp. bottom) panels
refer to one — way (resp. two — way) coupled simulations.

The flow fields related laden with the fibers with St, = 30 and \,, = 2 are
chosen as reference for visualisations.

In particular, we notice that, for the selected value of @, structures in
one — way couple simulations appear to be more evenly distributed and
more concentrated in the near-wall region.

However since the Figs.[4.1]- [4.3] refer to a single instant of the simulations,
they can only provide a qualitative indication of two-way coupling effects
and are not sufficient to determine the extent of flow field modifications.
This quantification is provided in the next sections, where fluid and fiber
statistics are discussed.
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FIGURE 4.1 — Instantaneous (t+ ~ 1200) plot of the @ — criterion (iso-surface @ =~
—0.01) in the  — z plane. For visualization purposes, only the flow field related to
fibers with St, = 30 and A, = 2 in the slab 450 < y* < 500 is shown. Panels: (a)
one — way coupling, (b) two — way coupling.

FIGURE 4.2 — Instantaneous (¢ =~ 1200) plot of the Q — criterion (iso-surface Q =~
—0.01) in the @ — y plane. For visualization purposes, only the flow field related to
fibers with St,, = 30 and A\, = 2 in the slab 2 < 30 is shown. Panels: (a) one — way
coupling, (b) two — way coupling.
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FIGURE 4.3 — Instantaneous (t+ ~ 1200) plot of the @ — criterion (iso-surface Q =~
—0.01) in the y — z plane. For visualization purposes, only the flow field related to
fibers with St, = 30 and A\, = 2 in the slab 2T < 50 is shown. Panels: (a) one — way
coupling, (b) two — way coupling.

Fluid Results

To examine the modification induced by the two — way coupling on the
flow field, we consider first the wall-normal profile of the reaction force in
the x-direction and z-direction, f;, |, and fy |, respectively. This force is
defined in the eq.[2.100] and represents the feedback force applied by the
flexible fibers on the surrounding fluid, as shown in the Fig.[4.4]. Since the
forces fou|s, fow|y are added as source terms in the Navier-Stokes eq.[2.7]
they are plotted in the Fig.[4.4] with "~ units.

It is apparent that, for both the aspect ratios (A, = 2 - line with circles -
and A, =5, - line with squares -) the average value of the reacting force in
x-direction and in z-direction is higher than zero in the near-wall region and
vanishes when the center of the channel is approached. This is due to the
fact that, as we will see in the Fig.[4.9], the flexible fibres in the near-wall
region, even in two — way coupling regime tend to segregate into low speed
streaks. In this way the momentum transferred from the particles to the
surrounding fluid is higher than zero in the near-wall region and decreases
as we move away from the wall.

Moreover it is appearent that fibers with higher mass (A, = 5) can transfer
higher momentum to the surrounding fluid than fibers with a lower mass
A =2).
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To quantify the two—way effects, we start by examining the statistics of the
flow field. In Fig.[4.5] we show the mean streamwise fluid velocity (u,), and
RMS of the streamwise and wall-normal fluid velocity RM S(u,), RMS(u,),
respectively. Lines refer to one — way coupling case, symbols refer to
two — way coupling cases.

As we can see two — way cases results overlap almost perfectly with those
of one-way coupling regardless of the aspect ratio, indicating no effect on
the mean flow rate.

We can observe some differences in the RMS. The RMS of the fluid stream-
wise velocity (resp. wall-normal velocity) as shown in Fig.[4.5](b)) (resp. as
shown in Fig.[4.5](c)) is higher for 2™ < 30 (resp. for z* > 45).

These results, which provide evidence of almost negligible effects on turbu-
lent fluctuations, are in agreement with those reported by Zhao et al. (2013)
for rigid fibers and volume fractions of the same order of magnitude.

For a further quantification of two — way coupling effects we can study
the transport equation for the turbulent kinetic energy k:

Dk
= =P+T+1+D-— 4.2
T +T+11+ D —e¢, (4.2)
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of ug; (b) RMS(ug); (¢) RMS(uz).

where the different terms, or energy budgets are defined as:

o k= Turbulent Kinetic Energy:

k= oy (). (4.3)
e P = Production rate:

ouy
P = —2p; (ufu;) —, (4.4)
< J 63@]-
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e T = Turbulent transport rate:

T = wpuiul, ) (4.5)

_pT%< At B

e Il = Pressure gradient term:

B , o
M= — <u Bo; > , (4.6)

where, p’ = p — (p) is the pressure fluctuation.

o D = Viscous diffusion rate:

D == (ufd) (@.7)
- Maxlaxz v
e ¢ = Dissipation rate:
oul ou,
=2 t 1 4
¢ H < al‘j 837j > ( 8)

In dimensionless form (wall units), the equation has the same form:

Dk+ + + + + +

Upon averaging over the homogeneous directions, terms in eq.[4.9] read as:

e kT = Turbulent Kinetic Energy:

kt = <u:/uj>, (4.10)
o Pt = Production rate:
’ ! 6 +
Pt=-2 <u; ut > 8:§, (4.11)

TH=—— <uj/uj/uj/> ) (4.12)

/8p+l
+ +
II ——<uz 32+>7 (4.13)
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e DT = Viscous diffusion rate:

pro__% (uf'ui"), (4.14)

e ¢T = Dissipation rate:

out ou’
et =2 ). (4.15)
Oz Ox]

The most important terms from a quantitative point of view are the pro-
duction rate P, the viscous diffusion rate Dt and the dissipation rate e*.
These terms are shown in Fig.[4.6](a)(b)(c) respectively.

Profile are time-averaged over the last 300 viscous time units.

Overall, we notice again negligible modifications due to the inclusion of two-

way coupling in the simulations. Similar observations were made by Zhao
et al. (2013).

Wall-normal Concentration and Near-wall Seg-
regation

In this section we want to examine how the inclusion of two — way coupling
can influence wall-normal concentration and the near-wall segregation. In
other words we want to see how inter-phasial momentum exchange can
compete with inertia, elongation and flexibility in determining the spatial
distribution in both wall-normal and streamwise directions. To this aim we
focus of the fibers number density and the PDF of the velocity fluctuations
sampled by the fibers in the near wall-region. A snapshot of the instanta-
neous distribution is provided in Fig.[4.7].

The St, = 30 fibers with A, = 2 in the one — way and two — way cases
are chosen as reference for visualisations (at t* = 1250 ). The background
colormap shows the modulus of the fluid velocity. One —way coupled fibers
(Fig.[4.7](a)), seem to concentrate more in the near-wall region than the
two — way coupled fibers (Fig.[4.7](b)). To corroborate this qualitative
observation, in Fig.[4.8] we show the near-wall concentration C/Cy. Pro-
files shown in Fig.[4.8] refer to time tT = 1250 and were obtained using
N, = 150 equal slabs. Profiles for two — way coupled fibers (line with sym-
bols in Fig.[4.8]) are contrasted with profiles for one — way coupled fibers
having the same physical and geometrical parameters (lines in Fig.[4.8]).
For fibers with A, = 2 Fig.[4.8](a) the peak value of the wall-normal con-
centration is higher for the one — way case (C/Colmasr =~ 5.8) compared
to the two — way counterpart (C'/Co|mar =~ 4.9). The same occurs for the
fibers with A, = 2 Fig.[4.8](b) the maximum value of the wall-normal con-
centration is higher for the one — way case (C/Co|maz =~ 2.9) compared to
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FIGURE 4.6 — Energy budgets. Production rate Pt (a); Viscous diffusion rate Dt
(b); Dissipation rate et (c). Solid line represents one — way coupling case; line with
symbols represents two — way coupling cases (A = 2 - line with circles - A\, =5 - line
with squares -)

the two — way counterpart (C/Co|maz =~ 2.3). In other words two — way
coupled particles seem to be less sensitive to the turbophoretic effect. This
reduced sensitivity may explain the weak of two — way coupling on the flow
field. Since the peak of concentration is nowhere very high, the exchange of
momentum between the fibers and the surrounding fluid is relatively uni-

form and there are no regions of the flow that are particularly affected by
this exchange.
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FIGURE 4.7 — Instantaneous fiber distribution in the near-wall region. For visualization
purposes, only the St, = 2 fibers with A\ = 30 in the slab 1150 < =zt < 1400,
670 < yt < 780, zt > 180 are shown. The colormap shows modulus of the fluid
velocity (red: high-speed fluid flow, blue: low-speed fluid flow. Panel (a) is related to
the one — way coupling; (b) is related to the two — way coupling.

To evaluate the impact of the two — way coupling on the segregation of
fibers trapped in near-wall streaks, in Fig.[4.9] we show the PDF of the
streamwise fluid velocity fluctuations, <u;7G>, sampled at the position of
the fiber’s center of mass G.

The same method to compute the results shown in Fig.[3.7], is used here;
we just recall that the PDF is conditioned to the wall-normal location of
G: Only fibers with center of mass within a near-wall region of thickness
Azt = 30, considered as trapped, where taken into account for the calcu-
lation.

Again, for comparison purposes, the PDF's for two — way coupled fibers
(lines with symbols: circles for A\, = 2 and squares for A, = 5) are shown
together with the PDF's for one —way coupled fibers with the same physical
and geometrical parameters (lines: solid for A, = 2 and dashed for A\, = 5).
Comparing curves in Fig.[4.9], we observe that the effect of two — way cou-
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FIGURE 4.8 — Profiles are taken at time t+ = 1250. Panels: (a) Ar» = 1; (b) Ay = 5.

pling on the strength of segregation into low-speed streaks is just slightly
lower with to respect to the one — way case, in particular for fibers with
lower aspect ratio A, = 2. This further proves that there are no regions in
the domain that are significantly affected by the presence of the fibers.

The statistical observables discussed in this section demonstrate that two —
way coupling effects for the considered volume fractions lead to slightly
quantitative changes in the preferential segregation, but reduce the near-
wall concentration peak by 20 — 30%.

Velocity Statistics

The mean streamwise velocity, (v, ) of the different fiber aspect ratios is
shown in Fig.[4.10](solid line and line with circles for the one — way case
and for the two—way case respectively), together with the mean streamwise
velocity, (ug ) of the fluid seen at the fiber’s center of mass G (dashed line
and line with squares, for the one — way and two — way coupling respec-
tively). These profiles were obtained in the same way as those shown in
Fig[3.2].
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FIGURE 4.9 — PDF of the fluid velocity fluctuations sampled at the position of the
fiber’s center of mass G in the near-wall region (in a fluid slab Azt = 30 thick). Lines
represent the one — way cases: solid for A, = 2 and dashed for A\, = 5; Lines with
symbols represent the two — way cases: circles for A\, = 2 and squares for A\, = 5

It is apparent that, since the fluid velocity is not substantially modified
by the introduction of the two — way term with respect to the one — way
case, also the fluid velocity in the position of the center of mass of the fiber
(ug @) and consequently the velocity of the fiber center of mass (v, ), are
not modified.

This holds also when profiles for different aspect ratios are compared.

For a better comprehension of the two — way coupling effect, we can also
consider the resulting drag force exerted by the fluid on the element r,
FP*/m}f, that is computed using eq.[2.96], and is shown in Fig.[4.11] as
function of the wall-normal distance. We just recall that the values of
ng* / m; are based on the Reynolds number of the single element Rey, ,,
its orientation o, and its relative velocity with to respect on the fluid u,—v,..
The cross product of these last two terms, is projected along the streamwise
direction.

Profiles refer to a mean value, averaged over the last 90 viscous time units.
The value of the drag force has a maximum for every set at the wall, and
this is due to the choice of slabs for the postprocessing.

As expected, in Fig.[4.11] we observe that the drag force is lower than zero
near the wall, and it increases as we move away from the wall. Moreover
since ratio F;2;% /m.t depends on the inverse of the fiber density, it is obvi-
ous that elements with lower density (A, = 5, p; = 1996.5) experience an
higher drag force than elements with higher density (A, = 2, p; = 3071.8).
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FIGURE 4.10 — Fiber mean streamwise velocity, <vgcyg>. Subscript G indicates that the
velocity at the fiber’s center of mass G is considered. For comparison purposes, also the
mean fluid velocity seen by the fibers is shown. Panels: (a) A = 2; (b) A = 5. Solid
line represents the one — way coupling case, line with symbols represenst two — way
coupling cases.
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FIGURE 4.11 — Drag force exerted by the fluid on the element r. Lines represent
one-way coupling results, symbols represent two-way coupling results.
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FIGURE 4.12 — Fiber mean orientation in the streamwise and wall-normal directions,
<om,G> and <ozy(;>, respectively. Subscript G indicates that the orientation of the
fiber’s center of mass is considered. Panels: (a), (b) A\r = 2; (c), (d) A\» = 5. Lines
represent the one — way cases: solid the orientation of fibers in a near-wall slab of
thickness 0 < zt < 58y g with 6y 5 the thickness of the viscous sublayer, dashed the
orientation of fibers in in a core-flow slab of thickness 55y g < 2T < h. Lines with
symbols represent the two — way cases: circles the orientation of fibers in a near-wall
slab of thickness 0 < zT < 58yg, squares the orientation of fibers in in a core-flow
slab of thickness 50y g < 2zt < h.

Orientation and Bending Statistics

So far we have observed that the behavior of the fluid is weakly influenced
by the presence of the particles in a semi-dilute regime; while the fibers
themselves are influenced at least in terms of the preferential concentration
in the near-wall region. Now we focus on the orientation and the bending
of the fibers.

In Fig.[4.12], we shown the PDF of the fiber mean orientation in the stream-
wise and wall-normal directions, indicated as (0,,¢) and (04 ) respectively.

As before, lines refer to one — way coupling, symbols refer to two — way
coupling. It is apparent that no effect is produced on the mean angular
velocity of the fiber. We observe an almost perfect superimposition be-
tween the one — way and the two — way coupling, for both the aspect
ratios and the orientations considered (o, and o, for A\, = 2 in Fig.[4.12](a)
and Fig.[4.12](a) resp.) and (o, and o, for A, = 5 in Fig.[4.12](c) and
Fig.[4.12](d) resp.). So we can recall the observations made in sec.[3.3].

From this, we can argue that, regardless of the coupling regime, even the
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FIGURE 4.13 — Dimensionless time behaviour of fiber end-to-end distance, LT. Panels:
(a) Ar = 2; (b) Ar = 5. Lines represent the one — way coupling cases: solid the
orientation of fibers in a near-wall slab of thickness 0 < zt < 58,5 with dy5 the
thickness of the viscous sublayer, dashed the orientation of fibers in in a core-flow slab
of thickness 50y g < 2T < h. Lines with symbols represent the two—way cases: circles
the orientation of fibers in a near-wall slab of thickness 0 < z1 < 56y g with v g the
thickness of the viscous sublayer, squares the orientation of fibers in in a core-flow
slab of thickness 50y g < 2T < h.

mean angular velocity of the fiber is the same (not shown here).

We consider fiber deformation induced by fluid velocity gradients acting
along the fiber, and we quantify deformation in terms of the fiber end-to-
end distance. In Fig.[4.13] we show the time behaviour of the end-to-end
distance for two different fibers sub-sets: fibers in the near-wall region and
fibers in the center of the channel, as in Fig.[4.12]:

As in one — way we observe a decrease of L™ for the cases and negligible
modifications due to the introduction of fiber feedback on the fluid.
Regardless of the aspect ratio (Fig.[4.13](a) for A\, = 2 fibers and Fig.[4.13](b)
for A, = 5 fibers), the trend for one — way and two — way coupled fibers is
similar and we can recall the consideration made in the description of the
Fig.[3.10]. In the near wall-region and in the center of the channel curves
are basically overlapping.
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FIGURE 4.14 — PDF for the solid angle o in the near wall region and in the center
of the chanel. Panels: (a) A = 2; (b) A\ = 5. Lines represent the one — way cases:
solid the orientation of fibers in a near-wall slab of thickness 0 < zt < 58y 5, dashed
the orientation of fibers in a core-flow slab of thickness 53y g < 2T < h. Lines with
symbols represent the two — way cases: circles the orientation of fibers in a near-wall
slab of thickness 0 < zT < 58y g, squares the orientation of fibers in in a core-flow
slab of thickness 50y g < 2zt < h.

Interestingly, the almost negligible modifications induced by the term of
two — way on the end to end distance become more evident (even if still not
striking) on the deformation angle. These are shown in Fig.[4.14], where
we consider the PDF' of the solid angle for the fibers near the wall and in
the center of the channel and we compare the one — way and two — way
coupling cases:

We observe that fibers in the near-wall region for both the aspect ratios
(A = 2 in Fig.[4.14](a) and A, = 5 in Fig.[4.14](b)), are more deformed in
the one — way case (thick solid line), than in the two — way case (line with
circles). The deformation of the fibers in the center of the channel, regard-
less of the aspect ratio, is the same for the one — way and the two — way
cases.

We can argue that the higher deformation for the one — way coupling with
respect to the two — way coupling is induced by the mean shear layer sam-
pled in this region by the inertial fibers.
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FIGURE 4.15 — Correlation between (o) and (Qg,y) for fibers with St, = 30 and
Ar = 2. Panels: (a) and (b) respectively one — way and two — way coupling in the
near-wall region (21 < 53y5); (c) (d) respectively one — way and two — way coupling
in the near-wall region (21 > 206y 5)

For flexible fibers in a dilute regime we already discussed the close rela-
tion between the mean vorticity sampled by the fibers in spanwise direction
and the bending angle (see Figs.[3.16]-[3.18]). In Figs.[4.15] and [4.16], we
examine the persistence of this relation is valid also for flexible fibers in a
semi-dilute regime.

We recall here that the colormap shows regions of high correlation in red
and regions of low correlation in blue.

For all the considered aspect ratio, we compare again one — way and two —
way results for two fiber sub-sets: Fibers in the near-wall region (Fig.[4.15](a)
for one — way Fig.[4.15](b) for two — way coupled fibers resp.) and those
in the center of the channel (Fig.[4.15](c) for one — way Fig.[4.15](d) for
two — way coupled fibers resp.)

As aspected, in the center of the channel the correlation is basically the
same, regardless of the aspect ratio: (Q¢ ,) seems to not affect the fibers
deformation in this region.

Instead, in the near-wall region, the behaviour of the one — way coupled
fibers differs from that of the two — way coupled fibers: in particular these
latter seem to be more deformed. This might be due to the fact that the
fibers in dilute suspension sample preferentially higher values of (2 ,,) than
fibers in the semi-dilute suspension.

In other words the two — way coupling term increases the deformation fo
fibers in the near-wall region. In the center of the channel the modifications
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FIGURE 4.16 — Correlation between (a) and (Qq ) for fibers with St, = 30 and
Ar = 5. Panels: (a) and (b) respectively one — way and two — way coupling in the
near-wall region (21 < 58y 5); (c) (d) respectively one — way and two — way coupling
in the near-wall region (21 > 206y 5)

induced by the two — way coupling term are negligible and we can retrieve
the dynamics already discussed with reference to Fig.[3.10].



Conclusions

In the first part of the thesis, the dynamics of flexible fibers in a dilute sus-
pension disperse in a turbulent channel flow was examined using DNS and
Lagrangian fiber tracking. The rod-chain model of Lindstrom and Uesaka
(2007) was chosen because it reproduces quite reasonably the behaviour
of elongated flexible fibers in unsteady flow. Results obtained for several
combination of values sampling the (A, St,) space indicate clearly that the
coupling between fiber translation and fiber rotation changes significantly
their wall-ward flux with respect to rigid fibers with the same geometrical
and physical parameters.

This effect of flexibility adds to those of elongation and inertia, leading to
a quantitative different build-up of fibers at the wall. In turn, this leads
to stronger accumulation in the very-near-wall region, where flexible fibers
appear to be trapped, segregated and preferentially-oriented by the same
physical mechanism (turbophoresis) that govern preferential concentration
of spherical particles and rigid fibers in bounded flows. In other words the
macroscopic turbulent phenomena that govern the motion of spheres and
rigid fibers, play an even more important role in the motion of flexible fibers.
In the buffer layer and in the viscous sublayer, bending of flexible fibers with
large (resp. small) inertia is reduced (resp. enhanced) by mean shear and
turbulent Reynolds stresses. This suggest that the bending stiffness would
not (resp. would) play an important role in the dynamics of near-wall flex-
ible fibers.

Future developments to be investigated regarding the dynamics of a dilute
suspension of flexible fibers are the effect of bending stiffness on fiber defor-
mation, the dependence of fiber deformation on the flow Reynolds number
and the impact of spatial filtering on fiber motion. In particular, the inclu-
sion of an internal resistance torque in the rod-chain model equations will
allow a more realistic representation of fiber bending dynamics and hope-
fully provide information about the formation of fiber flocs or hang-ups
in regions of fiber preferential concentration. Fiber bending is ultimately
determined by the hydrodynamic fluid-fiber interaction, and therefore a
dependency on the flow Reynolds number should be expected. In partic-
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ular at Reynolds numbers significantly higher than Re, = 300 (based on
the channel height), for which turbulence intensity increases and local gradi-
ents become more intermittent. To simulate high- Re, flows, the DNS-based
approach adopted in this study might become computationally unfeasible,
and calculations based on Large-Eddy simulation of turbulence could be
preferred. In this case, however, fibers would evolve in a spatially-filtered
flow field (especially on coarse grids) and would not be exposed to the ac-
tion of the sub-grid fluid velocity fluctuations, which are known to affect
the tendency of inertial particles to concentrate preferentially (Marchioli,
2017). Investigations are under way to examine the effect of filtering on the
motion of the flexible fibers, and to assess the conditions (e.g. grid coarse-
ness) under which a closure model is needed in the equation of fiber motion.

In the second part of the thesis, the dynamics of a semi-dilute suspen-
sion of flexible fibers dispersed in a turbulent channel flow was examined.
The two —way coupling model of Gualtieri et al. (2014) was chosen because
it reproduces quite reasonably the effect due to the transfer of momentum
from the particles to the fluid in a turbulent flow. Results obtained for a
semi-dilute suspension of inertial flexible fibers with St, = 30 and A, = 2
(resp. A, = 5) with a volume fraction ®, ~ 1.6-10~% (resp. ®, ~ 6.2-107%)
indicate that the feedback force exerted from the particles to the surround-
ing fluid does not affect significantly the fluid motion with to respect to the
one — way coupling case : This is due mainly to the fact that the values of
force exerted by the fibers onto the fluid are rather small, and associated to
rather small peaks of concentration near the wall.

The fiber motion is influenced from a macroscopical point of view, only in
the wall-normal concentration: the fibers in dilute regime seem to concen-
trate more than the fibers in semi-dilute regime, regardless of their aspect
ratio. In this way there is no zone in the flow field that is particularly af-
fected by the feedback force from the fibers.

Finally we observe a slight change in the deformation angle («) in the near-
wall region between the one — way and the two — way cases. In particular
higher deformation is observed for the two — way coupled fibers, regardless
of the aspect ratio. In the center of the channel, instead, no modifications
in the statistics of () is observed.

Future developments to be investigated in the semi-dilute regime are related
to the introduction of turbulence modulation by flexible fibers at higher vol-
ume fractions and a complete coupling between the phases that includes also
the angular angular momentum exchange by the fiber on the surrounding
fluid and the effect of bending stiffness on the fiber deformation dynamics
and the dependence of fiber deformation. In particular, these modifications
will allow a more realistic representation of fiber bending dynamics and
hopefully provide information about the drag reduction in pipeline.



Appendix

Wall Rebound

The fibers’ rebound on the wall is totally elastic: in other words, the lin-
ear momentum in the wall-normal direction changes in sign when the fiber
touches the wall, while the other linear and the angular momenta are main-
tained. We use the same approach developed by [5] and Benvenuto [6]: the
collision with the lower wall, for example, occurs when it is overlapped by
the fibers’ lowest point as shown in Fig.[6.1]:

— Q
Wall \hfl

FIGURE 6.1 — Elastic rebound on the wall.

Poisson Equation for a Versor

Considering a versor o in an absolute frame of reference, and defined by
director cosine angles. Those versors can be write as:

0 = Cos (v €, + Cos ey + cos ase;. (6.1)

Those versor rotate with an angular velocity w respect to the center of the
absolute frame of reference:

w = Clvlem + dgey + dgez. (62)
The time derivative of the versor o is:

v xo (6.3)
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Proof. In the absolute frame the time derivative of the versor is:

do de,, dey de,
@A A T a
For a simpler demonstration it is easier to consider a sigle rotation and to
compose them at the end.

Rotation along e, direction. Considering a local frame of reference that
rotates of ap, the change of coordinates is:

(6.4)

€, e,
€ya, <~ €y —
©zay e (6.5)
emal 1 0 0 €y
— €., ¢ = |0 cosaq sin oy €y
€., 0 —sina; cosag e,
So:
doy deg,,, €y, ‘o de;,
dt P dt v gy 2 dt
- dey,, . de.,, _
Ot Ut (6.6)
e, e, e,
= |01 0 O|l=wx 0|a1 Rotation
O Oy O
where:
. doy
a1 = dt .

Rotation along e, direction. Considering a local frame of reference that
rotates of aw, the change of coordinates is:

e, e,
eyag €y
€, €,
o2 (6.7)
€z, cosas 0 —sinas e,
— eya2 = 0 1 0 ey
€., sinas 0 cosas e,
So:
dOy - dexa2 deya2 dezaz _
e Ty TOwesTgp TOmee g
dex(12 + dez(,2
=0 0 =
T,02 dt Z,02 dt (68)
e, e, e,
=0 d O0|=w XO0l|a, Rotations

0y 0Oy O
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where:
dag

O[Q—W.

Rotation along e, direction. Considering a local frame of reference that
rotates of az, the change of coordinates is:

€z, e,
€y, <= €y —
ezo3 €,
€z, cosaz sinagz 0 e,
— €y,, ¢ = |—sinaz cosaz 0| ey
€., 0 0 1 €,
(6.9)
So:
@ 1o} demo‘S o deya3 dewag =
dt 03 dt Y, dt Z,03 dt
de,,, dey, .
0wz T Opos g = (6.10)
e, e, e,
=10 0 dg =w X 0|a3 Rotation;
Op Oy O
where:

. dao
Q3 = W

So the total equation for the time derivative of o considering the rotation

in every direction is:

do
— =w X 0. 6.11
o (6.11)

Inertia Tensor

The angular momentum L for a system of point particles r € [1, N], with
mass m,., position p, and angular velocity w,. is:

N
L= ZPT X My (Wy X Pr) - (6.12)

r=1

If, instead of a system of point particles, we have a rigid continue body, the
sum become an integral over the mass of the body:

L:/px<wxp>dm=/ (p-p)w— (p-w)pldm.  (6.13)
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If we decompose the position and the orientation in every component:

P = Pz€x + Py€y + D:€:,
W = W€y + Wyey + W, €ey.

It is possible to re-write the equation of the angular momentum component
by component:

L= {wx/ (p§+pz) dm—wy/ pmpydm—wz/ pzpzdm} e+

+ {w px +p§) dm — wm/ DePydm — w, / pypzdm} ey,+
+ |:Wz pw +p32/) dm — wx/ pmpzdm - wy/ pypzdm:| e, =
( rxWz + nywy + lewz) €+ (614)
( vwww + Jyywy + Jyzwz) ey"‘
L, Sz J:cy sz Wy
=Ly = Jye Jyy Jy- Wy ¢
Lz sz Jzy Jzz Wz

Inertia tensor J

where the components of the inertia tensor are:

Fi= [ G ea)dm if P05tk itk
By = [ pwdm if i

Inertia of a Rotating Cylinder

Considering a cylinder with radius a, semi-length [, density p,, oriented
like o and chosing the center of the frame of reference at the center of the

cylinder z || o Fig.[6.2]:
In cylindrical coordinates:

Pz = 1 Ccosb,
Py = 7sind, (6.15)

P =z
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cmem !

FIGURE 6.2 — Inertia tensor of a rotating cylinder.

The components of the ineria tensor are:

T [ Gh s im=p, | Gh+pt)av =

2
—pp/ / / r?sin® 0 + 2°) (rdr) dodz =

2 213 1 l
_pp2la ™ +ppﬂ (772[& ) (a + 3) =
——

12 4
m( o, 2
4 (“ +3)’

Jyy:/ (p§+p3)dm::0p/ (pierg)dV:

_pp/ /%/ (r? cos? 0 + 2%) (rdr) dfdz = (6.16)

a* 2w 2037wa? 1 12
=p,2l—— +p — (n2la? (a + ) =
Py o Pr 12 4L,_), 3

_m a2+ﬁ
4 3)°

Jzz:/ (pi+p§)dm:pp/ (p3 +p3)dvV =

2m
fpp/ / / r2sin? @ + 2 cos 0) (rdr)dfdz =

2m 1
_pp/ dz/ d9/ 3dr—pp2l = — (m2la”) a®
4HF/

m

m
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Jzy = Jya :/ prpydm = pp/ prpydv =

27
fpp/ / / 2 sin @ cos 6 (rdr) dfdz =
2m
:pp/ dz/ sin 0 cos 0d0/ rrdr =0,
] 0 0
=0

Iz = Joa :/ PzP-dm = pp/ Dep.dV =

27
= r2sin 0z (rdr) dodz =
pp/ / / ) (6.17)
27
:pp/ zdz/ sin@d&/ r3rdr =0,
—1 0 0

=0

Jyz = Jzy _/ pypzdm = pp/ pupde

2T
—pp/ / / r? cos 0z (rdr) dfdz =
2
—pp/ zdz/ cos@d@/ r3rdr =0,
—1 0 0
=0

where, of course:

dm = p,dV.

So the inertia tensor for a cylindr in the local frame of reference is:

o [= (3a%+17) 0 0
J= 0 m(3a+1%) 0 (6.18)
0 0 g2,

Block-Tridiagonal Matrices Resolution

A form which is encountered frequently, especially in the numerical solution
of partial differential equations and integral equations, is the so-called block-
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tridiagonal matrix:

Ejll}n
||Sé||

)
%)
N

Qi
Il

(6.19)

pdll
pNE:
pu

Here, each of the .;l,i, f%z and (i represents a square matrix, of order s;.

A system with coefficient matrix of the form above may be solved by a
procedure formally analogous to the previous factorization of a Jacobi ma-
trix. Thus, let the system be:

Gx =T, (6.20)
where now:
x(1) £(1)
(2) (2)
x=¢* 4 =L
x() £(n)

and each x(¥ and £(!) are s;-component column vectors. That is, the com-
ponents of the vector x are grouped into subsets, x(¥, and these subsets
are to be ”eliminated”, as in the Gaussian procedure, a group at a time.
Thus, the method to be described is a special case of more general methods
known as group- or block-elimination.

We seek a factorization of the form:

oo Qi
>l

Q,)“?n

=i

[V}

G=LU= T e e (621)

B’I’L G’ﬂ

ol 't

\_lvhere:
0 is Identity matrices of order m;;
G; and TI'; are square matrices of order m;. Proceeding formally, we find
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that:
él = V=4—1;
= =—1=
rmn=A ,
T (6.22)
G; = A,l - B,I';,_1 ’Lf xS [2,n] s

—-1=
L C if ie2n—1].

pl

F -

From the definitions of the matrices involved, it is clear that each f‘i is
rectangular of the indicated order and that the product B;I';_; and hence

G; is square of order s; The system above is now equivalent to:

Ly = f,
i (6.23)
Ux=y
We thus obtain:
vy = G0,
@ — & ' [ _B.y6-D e
y y ] if i€2,n], (6.24)

Reynolds number analysis

The Reynolds number for the segment is defined as in eq.[2.54], so the term
v1; can be analyzed starting from:

_ AVyy — 040 X 3
(5 — orog) (up —vy) = AVyyp — 0yn X 35 X = Zoi;TAVZ—;T. (6.25)
T AV, — 0,0 X i=1
So, the modulus is:
’ (5 os00) AVT‘ = JAVZ, +AVZ, +AVZ, — A2 (6.26)
Now the modulus of the cross product between o, and AV, is:
o, X AV, | = \/Ang +AVZ, 4+ AV2, — X2, (6.27)

So it means:

=lo, X (u, — v,.)|.

’(3 - orof> (up —vy)
In other words:
if o L(up—v,) = Rep,=—|u,—v,l,

if oy (w,—v,) = Rep,=0.



6.6. Drag Torques for Finite Re,,. 93

Drag Torques for Finite Re,,

The expression for the drag torques acting on the segment r, Tor,., can be
derived from Lindstrém and Uesaka (2008)

l 1
Tor, = / dT, = / 20, x dFP, (6.28)
-1 -1

where: z in this case is the coordinate along the axial direction of the
segment.
The infinitesimal force dF, is:

F? = Cppa (2A\ra,) [(3 — orof) (u, — v,)} =
= dFP = Cppa [(3 - OTOZ) (u, — vr)} dz,
where, since the length of the fiber is small,

U, — Vv, =y, — V., +2(Q —w;) X 0, + 279, - 0,.

~0

So:

dF? = Cppa (6 — oroz) [z (2 —w,) X0, + zféy,. -0, | dz. (6.29)

The drag torques are:

l
Tor, :/ zo, x Cppa (5 — orof>
-1

[z (Q —w;) X 0 +Z%/T -or} dz =

=Cppa /_ll ZQOT X (3 — oroz)
[(QT —w,) X o, + 'éyr -0,} dz =

2 R =
=-Cppria‘o, x (6 — 0,0 ) |(Q, —w,) X0, +7,-0.| = (6.30
3 , r r (6.30)

2 -
:§C’Dp)\§a4 o, X (5 — 0T0Z> (2, —w,) X 0,

1)

+ 0, X (5 - o,of) ’éyr - O

2)
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0, X (3 — orof) (2 —w,) X0, =

== 0. x (50,07 ) [o, x (8, — w,)] =

(6.31)
——0, x 5 [0, X (Q, — w,)] —0, X (0,.077;) [0, X (2, — w,)]
a) b)
(a)
— 0, x8[0r X (9, —w,)] =
=—o0, X [0, X (© _Wr)]:
=0 (@ —w)-o]+ (R —wi)(or-0r) = (539)
=—o0,0, (2 —w,)]+8 (2 —w,) =
= (5-007) (2, — )
(b)
—0, X (OTO,T) [0, X () —wy)] | = (6.33)

= —0, X [Ok,rol,rglmnom,r (Qn,r - Wn,r)] =0.

~o0, x [(0,0F) (%, -0r)]. (6.34)

o, x [(0,0]) (3,0, )| I = (6.36)

= — 0y X (0k,r01,rVim,rOm,r) = 0.

So the total drag torques due to the vorticity rate and to the strain rate is:

Tor, :gCDp)\fa4 {(3 - o,.of) (Q, —w,) — (fzy, -o,.) X o,} =
=T? + HD.

(6.37)
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Fiber Equations in Non-Dimensional Form

The eq.[2.69]-[6.42] above are non-dimensionalized throught these terms:

m kg m?2
Ur [*:| ) Pl—3> vi—
s m s
So the terms involved in the system of eqs.[2.69]-[6.42], are re-written in

non-dimensional form using the apex * (differently from the flow field with
the apex ), in this way:

uT uT puT /’L
apur 1% Ul Q.1
t= pp="7 Vi, Qf =
H p Ur puT
X
By = Bfu?p Xi =22
!
So the system of equations [2.69]-[2.73] in non-dimensional form is
dvi =+ 1
E=A (uf v+ —— (X, X)), (638
dt"" r (ur VT>+27T_>\ ( +)3P;J1r( r+1 r)v ( )
=+ 8w7+ =t + + +/
TR C (Q wi)+H +
n E}t (ab 1eb abeb 1)+ (6.39)
8Az (a+)2 p;_ r+ T+ .
1
+——5 0 x (X, + X)),
m(at) ol "
vii— v+ et (W xo,+w | xo41) =0, (6.40)
dpf
T = v, (6.41)
100 —wt xo (6.42)
et T 0w '
where:
= 1 =
Al A: -
71'
)2 . YA6+ (X4 =Y4)o,0f|  if Repy =0,
C PO .
:ﬁ; Oroz) if Repy >0,
= 472
3 T6+3<6—0T r) + o0l
st 423
J, = ’”6 {(or><<.L,vj)0;‘f1—|—[(orxcuj)oﬂT}7
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= 4 A2 =
G =—"" .G =
Tpp (at)
822 yCs — ( YC’) T f R 0
o (a+)2 0,0, ? Ep:r = U,
- CD T’Uj: T)\ = T
BTt (5 - oror) if Repy >0,
) A2 +(i)‘+")2 A (go,) ('7T0T) if Re,~0,
H;r = + 2H7J"r = igCD. ot = =
mpp (a') T3Wpiai - (€oy) : (’7,,0T> if Re, >0
D

Temporal Discretization of Fiber Equations in

Non-Dimensional Form

The final system of eqs.[2.69]-[6.42], in non-dimensional form is

SRR (XX
X+ ,M + X:_’n) ;

=+,n =
+,n+1 __ +,n ’
r _Rr +Sr O ( r+1

1
o't = o + 5 (K1 + 2 (Kos + K ) + Kiar]
=n =n
MT+1XT+2 * <Nr+1 + Nr) X;‘LJ:I + Mr Xj,n = Kf«Ot’nv

+, n+1 ;i—,n + At+v;}-,n+l’

P’

(6.43)
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where:
=n 0 _Orzl;r OZ;T =n
0, 0%y 0 Oy o' xa=0,a Va,
OZ,T ;L,T 0
K" = <§+At+ ( +"+A1t+A ”)

' 2rAr (a ) pPT

= +.n At+ = -1

Q" = (3+ama])
TN = +'n .

RM" = (At*jr + J "L ALTC, >

=+, =+, /
(J “whn 4 AYC, T 4+ ATH

AtTEf b b
g (heatren))
T Qr Pp;r

=+, AtT R =+ !
S, " = . (Att}r +3." + ALTC, ") ,
+ +
m(a®)" pp
krkl r = _At+0:t X w:“H_l?

1
Kihs = —At* <0? + k?kzr) x wptt,
?kél;r = _At+ (

So the final system is:

=n =n
tot — ; 0 . 0 +
K=K+ K" - \atO,RI™ — \at0,, R/},

= n =N 4 p =N

M, 4 —Qr+1 + Ara OT+IS7‘+IOT+17
M —Q " + 240,80, (6.44)
2y =+.,n =N =4 n =T

N7‘+1 = Q7+1 + /\ a O7+IS7+10r+17
R ——Q " +140.8 "5,
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Publications, courses and
projects

Referred Journals

J1

J2

D. Dotto and C. Marchioli (2019) Defomation dynamics of flexible
fibers in turbulence Meccanica (Under review, selected for special
issue)

D. Dotto and C. Marchioli (2019) Orientation, distribution and de-
formation of inertial flexible fibers in turbulent channel flow Acta Me-
chanica (Accepted)

Referred Conferences

C6

Ch

C4

C3

C2

D.Dotto and C. Marchioli (2019) Orientation, distribution and de-
formation of inertial flexible fibers in turbulent channel flow (under
review) Internaional Conference on Multiphase Flow, Rio, (Brazil)

D.Dotto! and C. Marchioli (2018) Dynamics of flexible fibers in tur-
bulent channel flow Furopean Fluid Mechanics Conference (EFMC12),
Wien, (Austria)

D.Dotto! and C. Marchioli (2018) Dynamics of flexible fibers in tur-
bulent channel flow Euromech Colloguium, Venice, (Italy)

D.Dotto and C. Marchiolif (2018) Dynamics of flexible fibers in tur-
bulent channel flow 22" session of SHF Scientific and Technical Com-
mittee on Dispersed Two-Phase Flow Workshop, Toulouse, (France)

D.Dotto and C. Marchioli’ (2018) Dynamics of small flexible fibers
in turbulent channel flow 87" Annual GAMM Conference, Munich,
(Germany)



100 A. Publications, courses and projects

C1 D.Dotto, C. Marchiolif and Soldati A., (2017) Dynamics of small
inertial flexible fibers in turbulent channel flow APS 70t Meeting of
APS, Division of Fliud Dynamics, Denver, (CO, USA)

t Presentation speaker.

Advanced Courses

A9 6" Advanced Cours on Liquid Interfaces, Drops and Sprays
(LIDESP IV), TU, Wien (Austria), 2018. Coordinated by: Prof. A.
Soldati, TU Wien, Wien, Prof. F. Zonta, TU Wien, Wien

A8 TUTAM Symposium on Motile cells in complex environments,
University of Udine, Udine (Italy), 2018. Coordinated by: Prof.
C. Marchioli, University of Udine, Udine, Prof. E. Climent, IMFT
Toulouse, Toulouse

A7 Fluid Dynamic Effects on Particle Formation in Crystalliza-
tion Processes, International Centre for Mechanical Sciences (CISM),
Udine (Ttaly), 2018. Coordinated by: Prof. D. Marchisio, Politecnico
di Torino, Torino, Prof. C. Marchioli, University of Udine, Udine.

A6 Complex Flows and Complex Fluids, International Centre for
Mechanical Sciences (CISM), Udine (Italy), 2017. Coordinated by:
Prof. F. Toschi, Eindhoven University of technology, Eindhoven.

A5 Flowing Matter, International Centre for Mechanical Sciences (CISM),
Udine (Ttaly), 2017. Coordinated by: Prof. E. Guazzelli, Ecole Mar-
seille Polytech, Marseille.

A4 26" Summer School on Parallel Computing, SuperComputing
Applications and Innovation (SCAI) CINECA, Rome (Italy), July,
2017. Coordinated by: G. Erbacci (CINECA, Bologna).

A3 ICMF 2016 International Conference Multiphase Flow, Flo-
rence (Italy), 2016 Chairman by: Prof. A. Soldati, University of
Udine, Udine

A2 Wall-Bounded Turbulence, International Centre for Mechanical
Sciences (CISM), Udine (Italy), 2016. Coordinated by: Prof. S. Piroz-
zoli, La Sapienza, Roma

A1l Multiscale Modeling of Soft Matter and Polymer System,
International Centre for Mechanical Sciences (CISM), Udine (Ttaly),
2016. Coordinated by: Prof. D. Marchisio, Politecnico di Torino,
Torino, Prof. P. Carbone, University of Manchester, Manchester
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