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Abstract Thetransport of fibersby afluid flow isinvestigated in transparent channels mod-
elling rock fractures: the experiments use flexible polyester thread (mean diameter 280um)
and water or awater-polymer solution. For a channel with smooth parallel walls and amean
aperture a = 0.65mm, both fiber segments of length ¢ = 20 — 150mm and “continuous’
fibers longer than the channel length have been used: in both cases, the velocity of the
fibers and its variation with distance could be accounted for while neglecting friction with
the walls. For rough self-affine walls and a continuous gradient of the local mean aperture
transverse to the flow, transport of the fibers by awater flow isonly possible in the region of
larger aperture (2 2 1.1mm) and is of “stop and go” type at low velocities. With the polymer
solution, the fibers move faster and more continuously in high aperture regions and their in-
teraction with thewallsis reduced; fiber transport becomes also possible in narrower regions
whereirreversible pinning occurred for water. In athird rough model with parallel walls and
alow mean aperture a = 0.65mm, fiber transport is only possible with the water-polymer
solution. The dynamics of fiber deformations and entanglement during pinning-depinning
events and permanent pinning is analyzed.
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1 Introduction

This paper deals with the transport by afluid flow of long, flexible fibersin asingle fracture
bounded by two rough walls with a small spacing between them. In addition to its funda-
mental interest, this problem has potential applications such as the transport and filtration of
biological macromolecules like actin or DNA [Lagomarsino et al. 2004] or the transport of
nanotubes or of industrial polymersin small channels. At amuch larger scale, optical fibers
might also be used as in-situ probes for measuring the temperature (or other parameters) of
water flowsin natural rocks [Selker et al. 2006].

The transport of fibers by a fluid flow has been widely studied but for flow geome-
tries and fiber properties differing generally from the present work. Many studies deal with
suspensions of short rigid fibers encountered in the manufacturing of composite and/or re-
inforced materials: a great deal of experiments [Herzhaft and Guazzelli 1999] and numer-
ical simulations [Fan et al. 1998, Butler and Shagfeh 2002, Saintillan et al. 2005] character-
ize, for instance, their sedimentation. The orientation of the fibersin the flow of such suspen-
sionsinside dlit-like channels has also been investigated [ Yasuda et al. 2002, Chiba et a. 1988].

Suspensions of flexiblefibers are equally frequent in the paper pulp industry [Stockie 1998]
and in biotechnology. Recent numerical simulations analyze the viscosity and normal stresses
in unbounded shear flows of these suspensions as well as their dependence on the deforma-
tionsand motion of thefibers[Yamamoto and Matsuoka 1995, Joung 2001, Tornberg and Shelley 2004].

The case of single fibers has been often studied in 2D shear flow configurations with the
fiber in the shear plane. Since the pioneering work of Jeffery [Jeffery 1923] demonstrating
periodic motionsfor rigid fibers, these studies have been extended to flexibl e fibers [Forgacs and Mason 1959,
Hinch 1976, Yamamoto and Matsuoka 1993, Ning and Melrose 1999]. While most papers dealt
with unbounded shear flows, the influence of a wall perpendicular to the shear plane was
studied experimentally by [Moses 2001] and numerically by [Skjetne et a. 1997]: a “pole
vaulting” effect was demonstrated for fibers close enough to the walls.

Large amplitude deformations of long filaments or flagellae are al so encountered in mi-
croorganisms and account for their propulsion: both cases of isolated microorganisms[Taylor 1951,
Purcell 1997, L owe 2003] and of several interacting ones[Llopis et al. 2008] have been stud-
ied. In another study, the motion of aflexible fiber in an infinite fluid is, in contrast, driven
by abody force and deformations of the fiber occur [Lagomarsino et al. 2005].

In the above studies, the flow field was either unbounded or bound by walls separated
by a distance large compared to the length of the fibers; in our experiments, this length is,
in contrast, much larger than the distance of the walls. In this case, most deformations of
the fiber and variations of its mean orientation take place in the mean plane of the fracture.
The deformations in the direction of the aperture are strongly constrained and may lead to
strong interactions with the walls. Then a key issue is whether the fibers can be transported
by the flow to the desired location or whether blockage occurs and/or the flow channels get
clogged: such blockage effects will be particularly important for rough walls.

Here, we use long flexible fibers and study experimentally their transport by afluid flow
in transparent model fractures with either smooth or rough walls. While the former is aref-
erence case, the geometry of the latter is close to that of encountered in natural rocks and
in materials used in civil, environmental and petroleum engineering. A first set of experi-
ments ([D’Angelo et a. 2009]) demonstrated important qualitative differences between the
propagation of fibersin models with smooth and rough walls (vel ocity fluctuations are much
larger in the second case). Also, replacing water by a polymer solution as the flowing fluid
led to a faster and more continuous motion of the fibers.



Here, the dynamics of thefibersisanalyzed in detail on three different transparent model
fractures; spatiotemporal diagrams are used to characterize the motion of the fibers as well
asthe time variations of their orientation and their deformation.

Fracture F 1 has smooth walls: it isused asareference and allows for quantitative tests of
theoretical and numerical models of the motion of fiber segments and of continuous threads
(longer than the fracture). The two other fractures have rough walls: their surfaces have a
self-affine geometry like that of real fractured rocks. In model F2, thereisasmall, non zero,
angle between the mean planes of the walls, resulting in a non-zero gradient of the mean
aperture transverse to the flow: this wedge-like shape mimics the edge of many natural
fractures. In fracture F 3, the wall geometry is the same but the mean planes of the surfaces
are pardlel: this models regions of the fracture away from the edges. Particular attention is
devoted the pinning processes observed in the rough models: they will be characterized here
quantitatively by the variation of the location and deformation of the fibers with time and
the correlation of the location of the pinning sites with the aperture.

2 Experimental and numerical simulation methods
2.1 Fiber characteristics

The experimental fibers are prepared from commercial polyester thread used for needlework
and made of two strands twisted together. The section is not circular and its maximum
and minimum transverse sizes are 220 and 340 um. The density of the fiber is: p = 1.4+
0.1 10%kg/m? and its lineic mass: 2.6 x 10~°kg/m. Its bending stiffness J (ratio of the
applied bending momentum by the curvature) is of the order of 10-8kg.m3/s? (a value
similar to that reported in ref. [Habibi et a. 2007] for a comparable material). This value
has been estimated by measuring the deflection under its own weight of an horizontal fiber
segment attached at one end [Landau and Lifshitz 1986]. It should be noted that the thread
has not a perfectly elastic behaviour and may display a plastic deformation.

We used in the experiments fiber segments much shorter than the fracture length L as
well as “continuous” fibers longer than L: they are cut out of the same spooled polyester
thread sample. A specific procedure is used to cut the thread and keep the strands tightly
twisted. The length of the segmentsis 20mm < ¢ < 150mm while the length of the contin-
uous fiber is slightly larger than that of the fracture.

2.2 Model fractures

The three models are manufactured with the technique described by [Boschan et a. 2007]:

— F1 has smooth parallel plane walls separated by afixed distance a = a(x,y) = 0.65 mm
(Fig. 1a).

— F2 hastilted rough walls (see Fig. 4).

— F3isall but similar to F2 excepted that its walls are parallel (see Fig. 6). F3 and F1
have the same mean aperture (i.e. a= 0.65 mm) .

For each model, two parallelepipedic plexiglas blocks are milled into the desired geometry
by a computer controlled machine. The two blocks are then clamped together in a position
set by the geometry of the sides of the block: these act as spacers|eaving acontrolled interval
between the surfaces for the fluid flow (Fig. 1).
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Fig. 1 Schematic view of the experimental models. (a) fracture with flat parallel walls - (b) fracture with
complementary self-affine walls with a relative displacement b. For al célls : W = 90 mm, a, = 20 mm,
a: = 5mm, le =52 mm, |, ~ 20 mm and L = 288 mm. Two injection systems insure that the flow is evenly
distributed along y at the top and bottom of the model.
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Models F2 and F 3 have complementary rough walls with a self affine geometry of ex-
ponent { = 0.8: thisvalueis similar to that measured on granite fractures [Boffa et al. 1998]
and in various other materials [Bouchaud 2003]. The peak to peak amplitude of the rough-
ness, represented by the difference between the extrema of the height of the surface with
respect to the mean plane, is equal to 26 mm: thisis also close to values measured on natural
rock fractures [Poon et al. 1992]. The surfaces of the two walls are exactly complementary
and may be brought into perfect contact: in the models, these surfaces have both a nor-
mal displacement with respect to this reference position and a relative shear one: the latter
introduces a variability of the local aperture field [Boschan et a. 2007].

The shear component of this displacement introduces local fluctuations in the aperture
field: matching features of the roughness of the two walls do not correspond any more to
same (x,y) coordinates. Moreover, there appears a structural anisotropy normal to the shear
displacement [Gentier et al. 1997, Yeo et al. 1998]. For both fractures F2 and F 3, the shear
amplitude (parallel toy) isu= 0.65 mm; the resulting aperture fields have aroot mean square
amplitude equal to 0.122 mm and a structural anisotropy oriented along the x direction (see
Fig. 6).

In model F3, the mean planes of the walls are paralel and at a fixed distance a =
0.65 mm; in model F2, there is between them a small angle mimicking the edge of natural
fractures. Asaresult, the average a(y) =< a(x,y) > of the aperture in the direction x of the
flow decreases across model F2 (Fig. 4c) from 1.1 mm for y = 0t0 0.8 mmfory=W (W is
the width of the model). This wedge-like geometry of the aperture is reflected by the global
color gradient in the direction y for the maps of Fig. 4a-b.



2.3 Experimental set-up and procedure

The model fractures are held vertically; liquid is sucked uniformly at the bottom side at a
constant flow rate and reinjected at the top into an open bath of area 5 x 90 mm and depth
Ip ~ 20mm covering the inlet of the model. This design allows one to introduce the fibers
in the bath through its open surface and then into the fracture. In order to ease the injection
of the fibers, the upper section has a funnel-like “Y” shape, i.e. the mean aperture of the
fracture increases with height in the top 52mm of the model (distance le in Figs. 1a-b). They
are progressively injected from above into the fracture with no applied tension.

The model is illuminated from behind by a light panel and a digital camera provides
images with 1024 x 768 pixels at arate of 30 frames per second and with an exposure time
of 1/300 s. Thelength of the field of view is 150 mm in the vertical direction parallel to the
flow and the top of the aperture mapsis at a distance of 110 mm from the inlet.

On each picture, the location and geometry of the fiber is determined by binary thresh-
olding. For most experiments, the distortions of the fiber remain moderate (except when it
gets pinned) and it remains overall aligned with the direction of the flow. Then, at each dis-
tance x from the inlet, corresponds only one point of the fiber and, therefore, only one value
of y. From these data, spatiotemporal diagrams like those displayed in Figs. 2a, 3aand 5a-c
are obtained. The vertical scale corresponds to the vertical distance x, the horizontal one to
time and the color code corresponds to the coordinate y of the fiber at the corresponding
value of x. Qualitatively, these diagrams provide information on the global motion of the
fibers, on their rotation and on their deformation. For instance, diagrams made of segments
of same colors and length for al times correspond to a pure translation of the fiber in the
direction parallel to the mean flow; in contrast, color variations in the segmentsimply lateral
motions. Quantitatively, the velocity of segments of fibers with afinite length is determined
from the variation between two successive images of the vertical distance x, of their center
of massto the inlet of the model. For continuous fibers, one uses instead the variation of the
distance x; of the tip of the fiber to the inlet. In both cases, the vertical velocity of the center
of mass (respectively tip) of the fiber is referred to as V.

2.4 Characteristics of the fluids

Two fluids are used in these experiments. Thefirst oneishigh purity water (Millipore - Milli-
Q grade) with adensity p = 10% kg/m?® and a dynamic viscosity i, ~ 1 mPa.s. The second
fluid isa solution of high molecular weight Scleroglucan (Sanofi Bioindustries) in water at a
concentration Cp = 1000 ppm. This fluid has shear thinning characteristics similar to those
of fluids used in oil recovery; the variation of its effective u with y ([D’ Angelo et al. 2007],
Fig. 2) follows well the Carreau function:

1
L T . 1
U (HW%)Z)T(MO Hoo) + Heo 1)

with n = 0.26, g = 4500 + 340 mPa.s and }p = 0.026 4 0.004 s~1. Here, the mean flow
velocity ranges from U = 50 to 400mm/s: so, the typical shear rate y = 6U /aiis of the order
of 1000s7%, i.e. much above 7. The Carreau approximation predicts an effective viscosity
1 = 3mPas (i.e. 3 times that of water) for U = 160mm/s. For water, the corresponding
Reynolds number defined as Re = Uap /u varies from 40 and 320: the influence of the
inertial terms will very low in the smooth models due to the quasiparallel flow geometry



but may more substantial in the rough case, particularly when the relative variations of
the aperture (inducing velocity gradeints) are large [Zimmerman et a. 2004]. An aternative
value of the Reynolds number, more relevant to the estimation of the forces on the fibers, is
obtained by using the diameter of the fiber and its relative velocity with respect to the fluid;
it is however still higher than 1.

3 Fiber transport in afracture with smooth plane walls

3.1 Transport of fiber segments
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Fig. 2 a) Spatiotemporal diagram of the motion of a fiber segment of length ¢ = 20mm as a function of
timein model F1. Vertical scale: vertica distance x from the top inlet of the mode; color shades: transverse
coordinate y(x) of the points of the fiber (see scale at right). b) Variation of the velocity Vs of the center of
mass of fiber segments of length £ = 20mm as a function of xm: () U = 100mm/s, (o) U = 150mm/s,
(A) U = 290mm/s. Dash-dotted line: maximum observed value of Vi /U = 1.35. Inset: normalized velocity
obtained from numerical simulations for a cylinder moving freely in a parallel flow; dotted (resp. continous)
lines include (resp. neglect) the influence of buoyancy.

In order to separate the influence of the generic fracture geometry and of the roughness
of the walls, reference experiments were carried out in model F1 with flat smooth walls.
A first set of experiments used fiber segments of length ¢ ranging from 20 to 150mm and
mean fluid velocities: 50 < U < 400mmy/s. For each set of values of ¢ and U, more than 20
transport experiments were realized. In the following, we discuss the transport of fiberswith
their mean axis within £10° to the direction of the flow.

Inal cases, no deformation of the fibersisvisible during the motion. The spatiotemporal
diagram of Figure 2a indicates first that the velocity component along x of the ends of the
fiber remains constant along itstrajectory (straight boundaries of the colored region) and that
thereisonly asmall drift along y (slow shift of the colors). Thisis confirmed quantitatively
by Figure 2b in which the normalized longitudinal velocity Vs /U of the center of mass of
the fiber is plotted as a function of its distance xm, to the inlet for 3 different values of U
(open symbols) in arange of 1 to 3. V¢ /U is constant with x within +10%; its variation
with U (< 25%) isaso too small to suggest any definite dependence in view of theintrinsic
dispersion due to the injection process and to the variability of the shape of the fiber. More
generdly, in other experiments performed at different velocities and for fibers of different



lengths, Vs /U aways ranges between 1 and 1.35 (the velocity Vi is therefore always lower
than the maximum value 1.5Vs of the velocity of the fluid in the gap).

We compared these experimental observations to numerical simulations in which the
fiber is modeled as a straight rigid cylinder of similar diameter. Except for the numerical
work of [Frel et a 2000], all studies of moving cylinders in confined geometry were re-
stricted to the case of cylindrical objects normal to theflow [Bouard 1997, Zovatto et al 2001,
Richou et a 2005]. Finite element simulations were thus undertaken to determine the veloc-
ity V; of afiber parallel to the flow; particular attention was given to the dependence of V; on
the distance of the axis of the cylinder from the mid-plane of the fracture. Assuming that the
flow is laminar and that the influence of the ends of the cylinder is negligible, the only non
zero component of the fluid velocity U is parallel to e, andisgiven by U = U (y,Z)e,. In
this case, the Navier-Stokes equation reducesto a 2D Laplace equation. The latter is solved
by means of the finite element program FreeFem-++ with zero velocity boundary conditions
onthelateral sideplatesat y = +W /2 and on the front platesat z= +a/2. The forces acting
on the cylinder have then been computed both when it is translating at a constant velocity
aong the fracture in a stationary fluid and when it is held fixed in a Poiseuille flow of mean
velocity U. The two solutions are then superimposed to obtain the velocity V; of the cylinder
in a Poiseuille flow and with no applied force.

The solid line in the inset of Fig.2b displays the variation of the normalized velocity
V¢ /U with the normalized distance 6 /a between the axis of the cylinder and the mid-plane
of thefracture. As 6 /aincreasesfrom O (cylinder in the mid-plane), the normalized velocity
continuously decreases from 1.35 to a value close to 0.8 at the closest distance from the
fracture walls (i.e. for § /a ~ 0.23). The density difference between the fiber and the fluid
may also influence the velocity of the fiber: the influence of this buoyancy effect on the
velocity Vs /U is obtained using the same numerical procedure as above. The dashed line in
Fig. 2b corresponds to the values obtained in this case which are, at most, 10% higher.

The comparison of these numerical simulations to the experimental data (Fig.2b) shows
that the axis of the cylinder is likely located in the central half of the fracture aperture. The
variations of the velocity V; with the distance xm, and/or the velocity U observed experimen-
tally may be due to displacements of the fiber in the fracture aperture or to deviations of its
shape from a straight line.

3.2 Transport of continuous fibers

In the above experiments, the drag forces could be assumed to remain constant along the
relatively short fiber segments which were studied. We consider now the case of fibers with
alength larger than that of the model, lying initially on itstop side, and dragged by the flow
into the fracture once its tip has been inserted inside it. These fibers are referred to in the
following as “continuous’. In this case, the flow velocity and, therefore, the drag force are
lower in the upper part of the fracture (i.e. in the upper bath and in the "Y” shape domain
displayed in Fig.1).

Figure 3a displays the spatiotemporal diagram of such an experiment. At a given time
t, the color is constant along x in the colored zone, indicating that the fiber remains straight
and vertical. The color varies dlightly with time which reflects a small globa transverse
displacement. The boundary of the colored zone marks the variation of the coordinate x;
of the tip with the time t: its slope (proportiona to the velocity Vs of the tip) increases
with x;. Thistrend is confirmed quantitatively by Fig. 3b (symbols) in which the normalized
velocity Vs /U is plotted as a function of x;. In a simple model, the fiber is assumed to: &)
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Fig. 3 @) Spatiotempora diagram of the motion of a continuous fiber as a function of time in model F1 for
U = 120mm/s. Vertical scale = vertical distance x from the top inlet of the model. Color shades: transverse
coordinate y(x) (see scale at right) - (b) Variation of the normalized velocity Vi /U of thetip of the continuous
fiber as a function of the distance x: (M) U = 100mm/s, (¢) U = 150 mm/s, (o) U = 290mm/s. Dashed
line shows Eqg.4 with A = 860 mm.

remain straight and vertical so that the velocity of all its points is equa to Vs and: b) be
located in the center of the gap (this is indeed approximately the case for short fibers as
shown in the previous section). Friction of the fiber with the wallsis neglected.

Under the assumption that the flow is everywhere laminar and parallel to e, the equa-
tion of motion islinear and the local vertical force f, per unit length of the fiber in the cases
of astationary fiber (Vi =0, U # 0) and of a stationary fluid (Vs # 0, U = 0) would respec-
tively be proportional toU and V; [Guyon et a. 2001]. By superimposing the two flows, one
obtains in the general case:

fv = u(c(X)U — c¢ (X)Vs), 2

inwhich cand cs are geometrical coefficients depending on thelocal width of the flow chan-
nel at the distance x and U is the velocity in the constant aperture domain. The numerical
procedure described in the previous section has been used to determine the coefficients c and
cs at different distances x for afiber located mid-way between the walls. The local values of
¢ and ¢ found in this way for a 0.28mm fiber are respectively: ¢c; = 2.0l and c=0.41in
the upper bath and ¢; = 5.81 and ¢ = 7.90 in the constant aperture domain (a = 0.65mm).
The average vaues in the Y-shaped funnel are cf = 2.79 and ¢ = 1.45. The variation of
local flow velocity with the local aperture has been taken into account in the determination
of ¢(x). Summing the contribution of the three zones leads to the total vertical force:

R = u(C(x)U —Cr (%)Vr); (©)

% is the coordinate of the tip of the fiber and C and C; are given by: C(x) = 7.81x —
6.36l¢ + 0.41l,, Ct (%) = 5.81% — 3.02lc 4 2.01l, . An additional drag force F results from
the motion of the residual length of fiber which is stored in the upper bath before being fed
into the fracture at later times. Neglecting the influence of the flow in the upper bath on
this part of the fiber, we assume that this drag force is proportiona to the velocity Vi and
to the effective length A — X — I, of this part of the fiber (A is an effective length). For a
fiber moving freely at a nearly constant velocity, the sum of all forces must be zero with:



F+FR =u(C(x)U —Cs(%)Vi — (A —x —lp)Vi) = 0. Theratio Vi /U isthen:

Vi C(%)
U Ci(x)+A—X%—lp )

In the previous equation, the only free parameter is A. The latter was determined by fitting
the experimental data points of Fig. 3b (dotted line). The adjustment of the datais good for
A = 860mm, i.e. more than the length of the fiber (~ 600mm). This large value may arise
from extra friction due to loops and to the contact between the fiber and the walls in the
upper bath.

Theinertia of the fiber may also need to be taken into account in the accel eration phase.
The corresponding term of the equation of motion of the fiber is ma (m and a are its mass
and acceleration); it may be estimated from ma a2 /AV? /% inwhich A = 2.6 x 10~° kg.m™!
and ¢ ~ 0.6m; V; ~ 0.15 m.st and % ~ 0.2m are the typical length and velocity of the
fiber and the distance over which it accelerates. This leads to the value ma~ 18 x 10~'N
which may be compared to the typical hydrodynamic force F = C;ULu. Using the value
Ct ~ 8 obtained from numerical simulations gives F ~ 2 x 10~*N: thisis several orders of
magnitude larger than the inertial term which validates the quasi static assumption used up
to now.

4 Fiber transport in model fractures with rough walls

The above experiments in smooth fracture model s demonstrate anegligible interaction of the
fibers with the walls; in rough fractures, instead, both the random variations of the aperture
and the large out of plane deformations of the wall surfaces induce large friction forces.
These forces influence the motion of the fibers and may also deform them: we shall show
that these effects depend both on the fluid velocity and on the rheological properties of the
fluid.

4.1 Fiber transport in the wedge-shaped fracture (model F2)

A first set of experiments has used water as the flowing fluid: in this case, fiber transport was
only possible in regions of aperture > 1mm, (i.e. on the left side of the maps of Fig. 4a-b).
In lower aperture regions, most fibers got pinned after a short distance. Moreover, in a few
experiments performed at high flow rates (U > 250mm/s), aloop built up downflow of the
pinning site (Fig. 4b). Then, the bottom of the loop slid sideways into a higher aperture
region and kept moving downwards toward the end of the model.

Even in the high aperture paths, the motion of the fiber is not as continuous as in the
smooth fracture as can be seen by comparing the spatiotemporal diagrams of Figs. 3aand 5a
(the latter corresponds to the sameregion asin Fig. 4a). Thistime, the motion of thetipisa
sequence of “stop” and “go” phases marked respectively by horizontal and oblique sections
of the boundary of the colored zone in Fig. 5a.

Theinfluence of the flow velocity on this“stop” and “go” character of the motion isana-
lyzed in Figure 5h: it compares the variations with distance of the normalized velocity V; /U
of the fiber tip for two different values of U. At the lower flow velocity U = 160mm/s, the
tip velocity Vi becomes zero at each pinning point and increases sharply after the release of
the fiber to avalue higher than the time average (horizontal dashed line). For U =210mm/s,
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Fig. 4 (a-b)Snapshots of experiments in which the continuous fiber is injected in a water or polymer flow
in model F2 at different transverse distances (vertical arrows). The images of the fiber are superimposed
onto a color coded map of the aperture field (see scale at right). Field of view: 90 x 150mm. (see Fig. 1).
(8 U = 160mm/s. Continuous line: water flow (horizontal arrows corresponds to the 5 locations where the
fiber was temporarily pinned during its motion); dotted line: polymer flow. (b) U = 250mm/s: water flow.

(c) variation of the average a(y) of the aperture along the distance x parallel to the flow as afunction of the
transverse distance y.

the variations with time of the fiber velocity with respect to the mean value are of smaller
amplitude (-100%, +50%) instead of (-100%, +150%). Also, the velocity Vs becomes zero
only once and decreases by less than 40% on other pinning sites: these are located at the
same distances x as for U = 160mm/s. These results demonstrate that increasing the veloc-
ity reduces pinning effects but that they remain strong. The inertia of the fibers might act
in an opposite way by pushing them away from the streamlines and toward the walls. This
would increase the number and the influence of the contacts of the fiber with the walls: this
is not observed which implies that the inertia of the fibers does not play a dominant part.

More quantitatively, the normalized time averages of the fiber velocity Vs /U are equal
to0 0.2 and 0.28 (respectively for U = 160 and 210mm/s). Even if the influence of the low
velocities near the pinning sites is subtracted from these values, Vs /U is till only of the
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Fig. 5 Compared motion of continuous fibers as a function of time in model F2 for flows of water (a,b) and
of apolymer solution (c,d). (a,c) Spatiotemporal diagrams of the motion in x,t coordinates at U = 160mm/s.
Color shades: : transverse coordinate y(x) (see scale at right of the corresponding diagram). (b,d) Variation
of the normalized fiber velocity Vi /U as afunction of the distance x for a same initial transverse location of
the fibers. (b) dotted (resp. continuous) lines: U = 160 (resp. 210) mm/s. (d) continuous line: U = 220mm/s.
Dashed line: fit with Eq. 4 (A = 790mm; ¢ = 0.70, ¢ = 2.00 in the upper bath; cf = 5.71, c = 3.87 in the
region of aperture a= 1.1mm constant with x; ¢ = 1.80, ¢ = 2.57 in the Y-shaped funnel (averaged values)).

order of 0.3 in both cases: this is lower by a factor of 3 than in model F1 (see Fig. 3)
which confirms the strong interaction of the fibers with the rough walls. This conclusion is
supported by the lack of systematic dependence of Vi on the distance x: this latter effect
suggests that the influence of the inlet is screened by the friction at the walls.

The above experiments have been repeated at similar flow rates, but using the polymer
solution described in Sec. 2.4 which represents well many fluids used in practical industrial
applications. First, the corresponding spatiotemporal diagram (Fig. 5¢) does not display the
stop and go features observed in Fig. 5a; then, the velocity Vs increases continuously with
the distance x (Fig. 5d). Overall, this variation is more similar to that observed for water
flows in the smooth model F1 (Fig. 3b) than in model F2 (Fig. 5b); compared to this case,
the variations of the color shades indicate however additional deformations and sideways
motions of the fiber. More quantitatively, at long enough distances, the ratio V¢ /U for model
F2 is much larger for the polymer solution than for water (Vs /U = 0.8 instead of 0.3 for
X = 250mm). These experimental data may be fitted by the predictions of Eq.4 (dashed
line in Fig. 5d) applied previously to the smooth fracture; the interactions with the walls
are still neglected and new coefficients ¢ and c; are used to take into account the different
aperture distribution. The optimal value of A is now 790mm which is similar to that found
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for the smooth fracture. Finally, while the velocity of the fiber still drops when it reaches the
pinning sites observed in the experiments with water, the amplitude of the variation is far
lower.

The above results indicate that the relative influence of the friction with the walls on the
dynamics of thefiber issignificantly reduced when the polymer solutions are used. This may
reflect an enhancement of the hydrodynamic drag forces and/or a reduction of the friction
forces. As aresult, the tension forces are not fully balanced by friction and propagate along
the fiber. These forces influence the shape of the fibers which is significantly straighter than
for water: thisis shown by Fig.4ain which images obtained for flows of the two different
solutions are overlaid.

4.2 Fiber transport in afracture with rough parallel walls (fracture F 3)

In the case of model F2, the “wedge like” geometry allows one to test the influence of
the mean aperture a by injecting the fiber at several transverse distances y corresponding
to different a values. However, this geometry may have unwanted effects like the sideways
motions displayed in Fig. 4. Such effects are not present in model F3 which has a constant
mean aperture @ = 0.65 mm. In the case of awater flow, transport of the fiber across model
F3 was not possible since it always got pinned irreversibly along its path: this was to be ex-
pected since the mean aperture a is lower than the threshold val ue estimated in the previous
section for model F2. All fiber transport experiments in model F3 were therefore aways
performed with the polymer solution discussed above.

In Figure 6a, snapshots of four fibersinjected at different transverse distancesy in model
F 3 are overlaid onto the aperture map. Three of them are weakly deformed and kept moving
afterwards down to the lower end of the model. Their location is close to (but does not
coincide exactly with) the zone of highest aperture. The fourth fiber (at the left on the image)
got pinned as it moved out of a high aperture region into a less open one; the shape of this
fiber is also more strongly distorted than that of the others, possibly due to large velocity
gradients in the region where the fiber moves.

Overall, these experiments on model F3 demonstrate the feasibility of the transport of
the fiber in amodel with parallel mean walls, even in the case of a small mean aperture (2.5
times the mean fiber diameter). This transport is however only possible for this value of the
aperture when the polymer solution is used as the flowing fluid. Moreover, the observations
of the shape of the fibers, of their paths and of the pinning sites suggest that, while the local
aperture is a key factor of the possible transport of fibers inside the fractures, it is not the
only one. The spatial gradients of the aperture (often related to the velocity gradients in the
plane of the fracture), the slopes of the individual surfaces and, possibly, the inertia of the
fiber may also play an important part.

5 Pinning-depinning dynamics

The experiments using models F2 and F3 have demonstrated the important influence of
pinning on the transport of thefibersin rough fractures. In the present section, we investigate
in more detail the relation between the pinning sites and the local geometry of the fractures
aswell asthe dynamics of the pinning and depinning (if any) processes.

In the case of a fiber transported by a water flow in fracture F2, the pinning sites are
shown by horizontal arrowsin Fig. 4a. It must be noted that pinning is alwaysinitiated at the
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Fig. 6 (a) Overlaid snapshots of 4 fibers injected at different transverse distances into a polymer flow inside
fracture F3 and of a map of the aperture field (mean fluid velocity U = 215mm/s). (b) Snapshot of a fiber
coiled up after getting pinned inside the fracture (U = 242mm/s). A time sequence of the coiling processis
displayed in Fig. 9. The color code is shown in the bar at the top right. Distances in the vertical x direction
are counted from the top of the model (see Fig. 1). (c): variations of the aperture averaged along the distance
x parallel to the flow as afunction of the transverse distancey.

tip at the fibers. Several (but not all) pinning sites are located in regions where the aperture
is below 1 mm (yellow-green shades in Fig. 43). This is still twice the diameter of the
fiber so that pinning cannot result solely from ageometrical blockage in these constrictions;
moreover, the fiber was observed to cross without stopping other regions of the fracture of
similar aperture. As suggested in the previous section, the local aperture is therefore not the
only relevant parameter: the analysis of the geometry of the wall surfaces around the pinning
points suggests that the blockage of the fibers may result from a large local curvature (out
of plane roughness) of the surfaces. In this case, the hydrodynamic forces may be too small
to induce enough bending of the fibers so that they follow the surface without touching it.

Further information on the pinning-depinning process is obtained from the deformation
of the fiber. Color variations with time and distance in Fig. 5b indicate that, in contrast
to the case of a smooth fracture (Fig. 3a), the fiber does not remain straight but buckles
with meanders of shape and location varying with time. These deformations are visualized
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Fig. 7 (a b, c): Fiber geometry at different times during the fifth pinning event in Fig. 4a (lowest horizontal
arrow). Theleftmost (respectively rightmost) picture displays the shape of the fiber immediately after pinning
(respectively before depinning). Timelapse between pictures: 0.166 s (a-b) and 0.333 s(b-c); total duration of
trapping event: 1 s. Arrows: location of points of maximum curvature referred to as 0, 1 and 2. (d) Curvature
of the fiber at these 3 points as a function of time. Inset: vertical distances dx between these 3 points and the
fiber tip asafunction of time. Symbolsfor point O: (o,e); for point 1: (CI,M) and for point 2: (A,A).(e,f) View
at two different times of an experiment in a cell with smooth plane paralel walls. The fiber is attached to
the end of a Lmm diameter rod (vertica gray rectangle). Flow is upwards but the pictures have been flipped
upside down to make comparisons with Figs. 7a-c easier.

directly in Figures 7a-d. During the pinning event, the tip of the fiber remains motionless
while three bumps appear behind it: their amplitude increases with time whilethey propagate
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toward the tip. The deformation of the rear part of the fiber is much weaker but, in some
cases, it slips sideways.

An important feature is the fact that the deformation does not extend along the whole
fiber but is, instead, localized in afew bumps behind the pinning site: this observation has
analogies with the build up of circular coils after avertical flexible rope moving downwards
has reached an horizontal solid plane [Habibi et al. 2007]. We investigated whether this ef-
fect was due to the roughness of the walls by realizing an additional model experiment. A
fiber hangs below acylindrical vertical rod inside a cell with flat walls similar to Fracture 1
but with a larger aperture a = 5mm. When the fluid is at rest, the fiber is flat and vertical;
then, an upwards flow isinduced and the end of the rod acts as a pinning site. Figures 7e-f
show that the geometry of the deformation of the fiber is very similar to that observed in the
rough fracture. Meanders appear close to the pinning point while the rest of the fiber has a
lower curvature: the similar results obtained in the two cases imply that the wall roughness
has not amajor influence on the geometry of the distortions of the fiber due to pinning.

In order to understand better the mechanism of these distortions, the experimental find-
ings will now be compared to the model case in which the fiber is considered as an ided
homogeneous elastic rod. Therod isinitially straight and vertical with afixed lower end and
afree upper one. The force per unit length f, on the rod is assumed to be constant along its
length and to result solely from the hydrodynamic forces; since the rod is fixed, Vi = 0 so
that, from Eq. (2): fy = pc(x)U. Assuming that theinitia buckling deformation islocalized
to a segment of length Ly, right above the fixed end point, the minimum value of Ly, for ob-
serving buckling induced by the hydrodynamic forcesaongit is, from [ Timoshenko and Gere 1962]:

J 1/3

in which J is the bending stiffness of the fiber: J ~ 10~8kg.m3®.s2 (see Sec. 2.1). The
value of Ly, has been computed for the experiment of Fig. 7 with c = 3.87 determined asin
Sec. 3.2 but for aloca aperture a = 1.1mm. One obtains L, ~ 50mm. Thisis close to the
curvature observed experimentally at the onset of buckling (see squaresin Fig. 7d). Actually,
the buckling process is aso modified by the complex structure of the flow field and by the
influence of hydrodynamic forces perpendicular to the fiber [Richou et al 2005]. Another
important issue is the deformations of the fiber in the direction perpendicular to the mean
plane of the fracture: as a result new contact points may appear along the fibers and result
in additional local friction forces. These forces will, in turn, influence the transmission of
forces along the fiber and, therefore, the depinning process.

The dynamics of the deformation is characterized quantitatively by the variations with
time of the radius of curvature |R| at the points of maximum curvature and of their distance
ox to the tip of the fiber (Fig. 7d): the radii |R| decrease strongly with time while the ve-
locities dox/dt of all three corresponding points are similar and of the order of 10mm/s
(i.e. much lower than the fluid velocity ~ 160mm/s). The deformation is stronger for the
two first bumps with a radius of curvature of the order of 9.5 mm when depinning occurs.
Similar scenarios are observed at al flow rates and in all injection configurations for which
pinning takes place but the characteristic time scales may vary.

In the above experiments using a pure water flow, the transport of the fibers was only
possible in the high aperture regions of the wedged fracture F2. In the case of the polymer
solution, the mation of the fiber is generally continuous in these regions; pinning only oc-
curred in lower aperture parts of model F2. Like for water, bumps appear on the fibers when
they get pinned and they move toward itstip as they develop. Their amplitude and curvature
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Fig. 8 (ab,c,d) Fiber geometry at different times during a pinning event for a polymer flow (U = 230mm/s)
in the low aperture part of fracture F2. Leftmost (respectively rightmost) pictures: views of the fiber 0.1 s
after pinning (respectively just before depinning). Points O, 1 and 2 and the corresponding symbols in the
graph are defined as in Fig. 7. (€) Variation with time of the radius of the fiber at the 3 maximum curvature
points designated by arrows in curve (d). Inset: time variation of the vertical distances 6x between these 3
points and the fiber tip.

are however significantly larger than for water. For this fluid which is characterized by an
effective viscosity u ~ 3mPas, the elastic buckling calculation presented in the previous
paragraph leads to a critical length L ~ 5mm. The latter is closed to the value measured
(see Fig.8c). Before depinning takes place: in Fig. 8a-d, for instance, an overhang appears
asbump 1 is overtaken by 2 as shown by the two upper sets of points in the inset. Also, the
variation of the radius of curvature with time is more complex than for the water flow and
not always monotonous, which reflects the interaction between the different loops (Fig. 8e).
The radii of curvature of loops 1 and 2 reach values of ~ 2mm or even less; thisis lower
than the radius of loop 0 and much lower than the radii observed with water (see Fig. 7).
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These larger deformations may result first from the occurence of pinning in narrower
parts of the wedge than for water: at these |ocations, the depinning energies may therefore be
expected to be higher. Also, the distances ox vary faster with timein the case of the polymer
solution (compare insets of Fig. 7d and Fig. 8e): in agreement with previous observations
reported in Sec. 4.1, this suggests that the hydrodynamic forces experienced by the fiber are
larger for these solutions.

6 Irreversible pinning and fiber entanglement
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Fig. 9 Geometry of the fiber at different times during the build-up of acoil for the flow of a polymer solution

in fracture F3 (see Fig. 6b). Times elapsed after pinning are respectively 0.63, 1.13, 1.3 and 1.8 s. (from left
to right)

225

In the previous section, pinning events of finite duration were discussed. Irreversible
pinning is also frequent, for instance in the narrow parts of fracture F3; the fiber generally
becomes entangled around the pinning site and intertwined loops build up. Such a config-
uration is displayed in Fig. 6b and corresponds to pinning in a narrow zone (yellow shade
region near the top of the coil). At first, the fiber is deformed as in the case of transient
pinning shown in Figs. 7 and 8. Then, bump 1 overtakes the pinned tip so that a loop ap-
pears at the right and moves downwards (Fig. 9a). Simultaneously, parts of the fiber located
farther upstream move leftwards and build up a second, closed, loop (arrow in Fig. 9). This
implies that, close to the pinning site, friction forces of the fiber with the walls are large
enough to prevent the motion of the tip. Meanwhile, the parts of the fiber initially upstream
from the tip are dragged downwards by the hydrodynamic forces and keep moving so that
loops and deformations easily build-up. Finaly, as the loops move down, they get locked
on the pinning site and dangle on both sides (Fig. 9c). This further reduces the tension on
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the upstream fiber sections and new |oops start to appear (Fig. 9d). The final interlocking of
the fiber strands results in a strong blockage. The fiber cannot be released by increasing the
velocity but only by pulling it upwards.

7 Conclusion

The present work has determined important features and requirements for the transport of
flexible fibers through fractures. First, the transport of fibers by a flowing fluid in fractures
with a small mean aperture and with very rough walls of self-affine geometry has been
shown to be possible. However while, in smooth fractures, the friction of the fibers with the
walls is negligible and does not influence their motion, its influence is much stronger for
rough walls: this often resultsin pinning and blockage or in ajerky progression instead of a
continuous one.

The aperture of the fracture (or, rather, itsratio to the fiber diameter) is, of course, akey
factor but other geometrical parameters may be relevant. In the wedge-shaped rough model
F2, fiber transport is, as expected, easier in parts of the wedge where the mean aperture
is large (typ. 2 1mm); however, pinning may still occur in the more open regions. In the
rough fracture F3 with parallel walls, athough of same roughness, the transport of the fiber
is aso easier in high permeability regions. However, the trgjectory of the fibers does not
coincide fully with the paths of highest aperture while pinning does not always take place
at minimal aperture points. Other geometrical factors such as the local curvature of the
walls and the spatial gradients of the aperture must be taken into account. Fiber transport is
improved at higher flow velocities: stop-and-go motions may be turned into more continuous
displacements at larger flow rates, although the velocity still decreasesin the vicinity of the
pinning sites.

Another key result is the enhancement of the mobility of the fibers when water is re-
placed by a polymer solution. Then, fibers can propagate along the full length of rough frac-
tures of mean aperture only twice the fiber diameter; they also can access narrow regions
where they would get stuck with water. At a same flow velocity, the motion of the fiber
is faster and more continuous than for water; the effects of the friction with the walls are
strongly reduced and the features of the propagation become comparable to those obtained
for smooth walls. These results have important practical implications due to the widespread
use of such solutionsin many industrial processes. A first possible explanation isan increase
of the drag forces due to the higher viscosity of these solutions, particularly at low shear
rates; also, lubrication forces due to this higher viscosity may prevent the fibers from getting
in contact with thewalls and, therefore, reduce the friction. However, additional studies will
be needed in order to understand whether the decreasing variation of the viscosity with the
shear rate also plays a part in these results. Quantitative computations of the forces on fibers
performed for Newtonian flows in smooth fractures will, in particular, have to be extended
to shear-thinning fluids. The variation of the viscosity in the fracture gap may also influence
the localization of the fiber insideit.

Finally, fibers often become deformed during their transit through rough fractures while
they retain their shape in the smooth model. These deformations are particularly frequent
and large during pinning events. then, upstream parts of the fibers are kept in motion by
hydrodynamic forces while the tip is blocked. For transient pinning, the amplitude of the
deformations of the fiber increases with time until the front tip is released and is larger
for the polymer solution; then, the fiber recovers roughly its initial shape. For permanent
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pinning, the amplitude of the deformations increases further until loops appear and pile up
on the pinning site, finally leading to entanglement.

The present experiments have determined several key characteristics of fiber transport
in single fractures and of its dependence on the flexibility of the fibers, the characteristics
of the fluid and the configuration of the aperture field. However, further work is needed to
characterize more quantitatively the influence of these parameters. The velocity of fibers of
different lengths in a water-flow has, for instance, been predicted for a smooth fracture but
the case of rough fractures and/or shear thining flows remains open. Another important issue
isthe transfer of fibers from one fracture to another in a fracture network.
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