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The orientation and concentration distributions of fibres in laminar and turbulent channel flows are investigated

numerically. The obtained results are in good agreement with the experimental data. In the laminar flow regime, more

fibres orient to the flow direction as the Reynolds number increases. The shear rate of fluid around a fibre plays an

important role in determining the orientation distribution of fibres, while the fibre density and the fibre aspect-ratio

have marginal influence on the orientation distribution. In the turbulent regime, the orientation distribution of fibres

becomes more homogeneous with the increase of Reynolds number, and the concentration profile is flatter than that in

the laminar regime. The fluctuating intensity of fibre velocity in the downstream direction is larger than that in the

lateral directions.
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1. Introduction

The investigation of particle transport processes
has attracted considerable attention due to their nu-
merous industrial and practical applications.[!! Pneu-
matic transport, air pollution and microcontamina-
tion are among the areas in which the knowledge of
particle dispersion plays a critical role. The currently
available literature of particle dispersion is exclusively
concerned with idealized spherical particles, however,
in reality natural dust and industrial solid particles are
all nonspherical. The motions of nonspherical parti-
cles in flows are much complicated because the rota-
tional motion is strongly coupled with the translation

motion.

Fibre is a kind of nonspherical particles and has
been a subject of extensive investigation, for exam-
ple, the diffusivity constant, the structure functions,
and the reduced viscosity of fibre suspensions were
examined numerically by Fan et all?! Feng and Leall®!
explored the mechanisms for the generation of discli-
nations in a non-homogeneous flow and studied the

coupling between the flow and the polymer configura-

tion. Recently Lin et al/* conducted the investigation
on the spatial and orientation distributions of fibres in
an evolving mixing layer numerically and experimen-
tally.

The characterization of fibre suspensions in a
channel is of scientific interest and important in many
industrial processes.[®/ The channel flow is the flow
that has a main direction within two planes; the fluid
flows into inlet and after travelling a definite distance
from the inlet it becomes full-developed, with a ve-
locity profile being different for lamina and turbulent
states. Nsom!®! reported the results of the drag re-
duction phenomenon in dilute and semi-concentrated
fibre suspensions in a wide-gap Couette—Taylor con-
figuration. Chiba et all”l computed the coupled flow
kinematics and fibre orientation distribution, and ob-
tained the anisotropic characteristics of fibre orienta-
tions and stress field in the region near the inlet. Ya-
suda et all8 used a new visualization technique to ob-
serve the fibre orientation, fibre concentration distri-
bution and the relationship between total shear strain

and orientation angle. You et all®! presented a linear
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instability analysis of the channel flow in the presence
of fibre additives, and found that the flow instability
of fibre suspensions was governed by two parameters:
a ratio of the axial stretching resistance of fibres to the
inertial force of the fluid, and the orientational diffu-
sivity coefficient that accounts for inter-fibre hydrody-
namic interactions. The increase in either of the above
two parameters causes an increase in critical Reynolds
number, i.e. the fibre suspensions become more sta-
ble. Olson et al*® proposed an Eulerian model of
turbulent fibre suspensions flowing through a planar
contraction to predict the fibre orientation distribu-
tion, and applied the model specifically to the flow of
pulp suspensions through a papermachine headbox. It
was demonstrated that with the increase of the con-
traction ratio the alignment of fibres exiting from the
headbox significantly increased, and varying the inlet
fluid velocity could only cause small changes in the
fibre orientation distribution.

The mechanical properties of fibre reinforced plas-
tics greatly depend on the fibre orientation and its con-
centration distribution. Under most circumstances,
fibre processing is performed at a high rate in turbu-
lent flows. Up to now, the effects of Reynolds number,
shear rate of fluid, fibre aspect-ratio and fibre density
on the orientation and concentration distributions of
fibres in both laminar and turbulent flows appear to be
an unexplored topic of research. Therefore, this study
alms at giving the information mentioned above by
simulating numerically the motion of fibres in lami-
nar and turbulent channel flows with the Lagrangian

model.

2.Background flow

2.1. Mean velocity

The background flow is a channel flow, as shown

in Fig.1. In order to simulate the motion of fibres, the
flow field should be known beforehand. For a lami-

nar flow, we can obtain the analytic solution for the

3 r?
Uy = §uav <1 - m) ) (1)

where w, is the downstream velocity, H is the half

velocity

width of channel, r is the distance to the centre line,
U,y is the average velocity of flow. For a turbulent

flow, we have the following mean velocity profile:
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where u* is the wall friction velocity and defined by

V/Tw/p, Tw is the wall friction, v is the viscosity of
fluid.

Fig.1. Channel flow.

2.2. Fluctuating velocity

Equation (2) describes the mean velocity; we
should give the turbulent velocity further in the tur-
bulent flows. In the majority of applications, the char-
acteristic length scale of fibres is less than 1 mm and
smaller than the turbulent Kolmogoroff’s length scale
(larger than 1 mm at least). Thus, the fluctuating ve-
locity of fluid plays an important role in the motion of
fibres and is required to simulate the motion of each
fibre.

Because the random drive of flow on fibres is
what we only want to obtain, a stochastic simulation
method is employed here. Wang and Stock!!!! gen-
erated numerically a turbulent flow in Fourier modes
and an appropriate expression of one point velocity
correlation and scalar energy spectrum. A KSSM (Ki-
netic Simulation Sweeping Model) was developed to
simulate the dynamical interactions between different
modes (e.g. vortex stretching) and the kinematic pro-
cess of non-uniform unsteady advection of the vortic-
ity field by the velocity field in homogeneous isotropic
turbulence.'?

Here, we combine these two methods to develop a
modified method and then apply the modified method
to the turbulent channel flow. The fluctuating veloc-
ity field of fluid, ', can be represented with a Fourier

series as follows:

:jl(—w(,;)) B i[(bn X k) cos(ky - & — wnt)

-l,-_(cn x ky)sin(k, - @ — wyt)].  (3)

Here, N is a big constant (N=100 in this paper),
b, and ¢,, are vectors composed of Gaussian random
numbers, frequency w,, is also the Gaussian random
number whose standard deviation is the RMS (root-

mean-square) of fluctuating velocity, w,ms, and wave
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number vector, k,,, is the isotropic unit random vec-
tor. Therefore, the dot product of the coefficient of
primary function and the wave number vector is zero
((by, x ky,) -k, = 0), which ensures the flow field being
incompressible.

Through systematic experiments on the turbulent
channel flow, Comte-Bellot!!3! obtained the distribu-
tion of u,y,s on the channel cross-section at different
Reynolds numbers. w, and the components of b,
¢, and k, can be determined from w,,. Then, the
fluctuating velocity, u'(z,t), can be computed from
Eq.(3).
velocity yields the instantaneous velocity.

Adding the fluctuating velocity to the mean

Figure 2 gives a comparison of the components
of relative turbulent intensity as a function of lat-
eral distance with the measurements given by Comte-
Bellot. The computational results are in good agree-
Both of them show

that the relative turbulent intensities are weaker at

ment with the measurements.

a position closer to the centre of channel. We can see
that the results obtained with the simplified simula-
tion method in this paper reflect the characteristics
of the second-order correlations in the real turbulent
flow. Therefore, we conclude that the simplified sim-

ulation method is able to produce reasonable results.
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Fig.2. Distribution of relative turbulent intensi-
ties versus lateral position. —()—: computation of

V42 /u* in this paper; — M —: Comte-Bellot’s ex-
perimental data of \/u/2/u*; —V—: computation of
V w2 /u* in this paper; — A —: Comte-Bellot’s ex-
perimental data of \/u'2/u*.

3. Description of fibre suspen-
sions
3.1. Basic assumptions

Generally there are two approaches to simulating

fibre suspensions: Eulerian method and Lagrangian
method.
tion including the effects of particle—particle!'*15] and
The La-

grangian method used in the present study is usually

For the former, the constitutive equa-
particle-solvent!*® should be considered.

employed to predict the spatial and orientation distri-
butions of fibres in the dilute or semi-dilute fibre sus-
pensions. The fibre in simulation is shown in Fig.3.
The computations are based on the following general

assumptions:

(1) The continuous medium hypothesis is suit-
able, i.e. Kn << 1.

(2) Fibres are non-Brownian, slender rigid cylin-
ders in Newtonian fluid and the aspect-ratio is large,
l/a >> 1(l, a are the half length and the radius of the
fibre respectively), and the end effect of cylinders is
not considered.

(3) The length of fibre is much smaller than that
of the flow field and smaller than the mesh size as well,
so that the flow around each fibre can be considered
as the Stokes flow.

(4) The suspension is dilute, and the interactions
among the fibres and the lubrication effects can be

neglected.

2a

Fig.3. Fibre particle.

3.2. Description of fibre motion

Based on the above assumptions, Batchelor!']

tablished the slender-body theory of which the main

principle is that the disturbance motion resulting from

es-

the presence of the slender body is approximately the
same as that due to a suitably chosen line distribution
of Stokeslets.

flow representing the effect of a force exerted on the

A Stokeslet is a singularity in Stokes

fluid at a point.

From the Stokes equation, we can obtain the fol-
lowing expressions of the induced velocity of a point

force on fluid:[18]

u(e) = F - ), (4)
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where p is the viscosity of fluid, F' is the force on a B ) i L . .

: , =(0+pp), t;= T ki = ————.
fibre, G(z) is the Green tensor: B o Isi—sm|” " |8 — Sl

1 1
Gi]‘ = ;51']' + r—3$l.’L‘J (5)

After the integration along the fibre and the sim-
plification in the slender body approximation, the in-

duced velocity caused by the existence of fibre can be
obtained:[1*]

V =u™(x. + Isp) — [U + (w x Isp)]

-2 (1n2,3+1n %) (0 +pp) - f(s)

- *3pp) f() (0 + pp)
T = )

where w is the angular velocity of fibre, p the orienta-
tion vector of fibre, s the nondimensional length coor-
dinate of fibre with —1 < s < 1, § the unit matrix, U
the undisturbed

flow velocity, @, the coordinate of fibre mass centre,

the translational velocity of fibre, u>

b(s) the shape factor of cross-section with coordinate
s, (b(s) = 1 for fibre), and f(s) the force acting on
the fibre by fluid. The left-hand side of the Eq.(6)
is the velocity difference between fibre and fluid at a
position s, while the terms on the right-hand side re-
sult in this velocity difference because of the existence
of fibre.
of fibres.
bre can be divided into M segments according to the
Gauss integral point (M =10 in this paper), then f(s)

is transferred to f(s;) on each segment, there are 3M

We can use Eq.(6) to compute the motion

In the equation, f(s) is unknown. The fi-

unknown numbers altogether. Next the integration on
the right-hand side of Eq.(6) can be transferred into
linear summation of a series of f(s;). In the computa-
tion, the velocity, angular velocity of fibre and velocity
of fluid at a definite time are known, so the velocity
difference on the left-hand side of Eq.(6) is known.
Thus, Eq.(6) can be transformed into a system of lin-

ear equations which includes 3M equations:

bi=A; f(s;)+t;B-f(s ZklmB F(5m),
mati
(1=1,2,---, M), (7)
where

b; = u™ (. + ls;p) —

=2(In28 + Iny/1 — 82)(8 + pp) + (6 — 3pp),

[U + (v x Isip)],

We obtain f(s;) by solving Eq.(7), then the total force

and total moment acting on the fibre respectively are

1
F = 87ml/ f(s)ds
-1

1
L= 87r,ul2/ sp X f(s)ds. (8)
-1

Equation (8) can be solved by numerically inte-
grating to obtain the total force and total moment.
Then,

equation of fibre

Newton’s second law and the 3D rotational

dU

dw
=F, J. —
™a ’

i +twxJ.-rw=L. (9)

are used to calculate the acceleration and angular ac-
celeration. Finally, the velocity, angular velocity, posi-
tion, orientation vector of fibre can be computed with
the finite difference method.

4.Results and discussion

Because we have not found any published liter-
ature about orientation distribution of fibres in the
channel flows, the corresponding results in the pipe
flow given by Bernstein and Shapirol?°! are used for
comparison with the computational results. The chan-
nel flow is a two-dimensional flow while the pipe flow
is an axis-symmetric flow. Though the cross sections
are different for these two flows, their distributions of
velocity and turbulent quantities from wall to centre
are very similar. Therefore, the parameter values se-
lected in our computations are similar to those in the
experiments. The channel width is 50 mm, the fluid is
water with a density of 1000kg/m? at a temperature
of 300K, and a viscosity of 8.55x10~4N-s/m?2. Fibres
with a density of 2000kg/m?> are initially distributed
randomly in the exit of channel. The initial trans-
lational velocity and angular velocity for each fibre
are both zero. The initial computation time step is
10~ 11 — 10719, The orientation distributions of fibres
are obtained statistically within a rectangular region
with 50mm (channel width) x30 mm (along flow di-

rection).

4.1. The effect of Re number on the orientation
distribution of fibres in the laminar flows
Figure 4 plots the orientation distribution of fi-

bres in terms of 6 for different Re, which is based
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on the fluid average velocity and the channel width.
Figure 5 shows the relationship between the mean ori-
entation # and Re number. From the figures, we can
see that the computational and experimental results
are in qualitative agreement. Some deviations may
result from the difference between the two flows. At
a low Re, the fibre orientation is less dependent on 6
and seems equally possible in all directions, and with
Re increasing, the fibres’ orientation to the flow di-
rection becomes more obvious, which is also shown in
Fig.5. For our numerical model, the fluid inertia is
not considered, i.e. Re,=0 (Re, = luq/v, where [ is
the length of fibre, uq is the difference in velocity be-
tween fluid and fibre, v is the viscosity of fluid), and
fibres rotate in the flow-gradient plane. According to
the theory of Jeffrey orbit, the motion of fibres can
be determined by their initial orientation if the flow
is a simple shear flow. However, the particle inertia
is taken into account in this paper, and the flow is

not exactly simple shear flow, these two factors are
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responsible for the fibre orientation distribution. At a
low Re, the flow in the channel can be approximately
regarded as a simple shear flow, and the fibre orienta-
tion depends mainly on the initial orientation. The fi-
bre orientation seems equally possible in all directions
because initially the fibre’s orientations randomly dis-
tribute in the exit of channel. With Re increasing, the
flow deviates more from the simple shear flow, the flow
velocity gradients make the fibres align with the flow
direction. It is reported that in a shear flow a fibre will
mainly align with the flow direction with occasional
tumbling motion if the fluid inertia is present.?!! Now,
the fluid inertia is not considered, but the particle in-
ertia is taken into account. It seems that the particle
inertia causes qualitatively the same effect as the fluid
inertia does. Gavze and Shapirol??l observed that the
particle inertial might result in qualitatively different
behaviours of the particle in a shear flow as compared
to the case of Stokes flow. This is an interesting fact

and needs further investigation.
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Fig.4. The orientation distribution of fibres for different Re numbers. (a) Re=50, —(O—: computation,

— M —: experiment; (b) Re=100, —O—:

computation, — [l —: experiment.

computation, — Wl —:

experiment; (c) Re=500, —O—:
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4.2. The effect of shear rate of fluid on the ori-
entation distribution of fibres in laminar
flows

We divide the cross-section of the channel into
four domains as shown in Fig.6, and examine the ori-
entation distributions of fibres in these domains. We
analyse the results at two typical Reynolds numbers
of 50 and 500. The computational results are shown
in Fig.7. We can see that the orientation distribution
of fibres narrows more obviously to a low angle as
the domain approaches to the wall and the Reynolds
numbers increase. Figure 8 shows the average val-
ues of 8 over each domain at different Reynolds num-
bers. Similarly, the average value of 6 decreases as
the domain approaches to the wall and the Reynolds
numbers increase. The essential difference among dif-
ferent domains lies in the length scale and shear rate
of fluid: the length scale is smaller and the shear rate
is higher at a domain approaching to the wall. In our
computations, a higher Reynolds number is obtained
by increasing the characteristic velocity alone. Fig-
ure 9 presents the dimensional shear rates at different
domains and different Reynolds numbers, which indi-

cates that the fibres are more aligned with the flow

Fig.6. Four domains in the lateral direction of channel.

direction at a higher shear rate when other parame-
ters remain unchanged. Therefore, the shear rate is
a key dimensionless parameter for the orientation dis-
tribution of fibres.
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Fig.7. The orientation distributions of fibres in the
different domains for. different Re. —O—: Domain
1; —O—: Domain 2; —A—: Domain 3; —V—: Do-
main 4. (a) Re=50; (b) Re=500.
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Fig.8. The average angles 0 in different domains for
different Re. —O—: Re=50; —O—: Re=100; —A—
: Re=500; —V—: Re=1500.
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4.3. The effect of fibre aspect-ratio on the ori-
entation distribution of fibres in the lami-

nar flows

Figure 10 shows the computational orientation
distributions of fibres with different aspect-ratios [
at Re=500 and Re=700, respectively. It can be found
that the difference between the results at different fi-
bre aspect-ratios for both Reynolds numbers is very
small. Again based on the theory of Jeffrey orbit,
the motion of fibres can be determined by their ini-
tial orientation for a simple shear flow. For the fibres
with initial randomly-distributed orientations, both
the flow velocity gradient and the particle inertia af-
At a

relatively small Re, e.g. Re=500, the particle iner-

fect the evolution of orientation distribution.

tia plays a greater role in affecting the orientation
distribution than the flow velocity gradient does, the
orientation distributions are slightly different for dif-
ferent fibre aspect-ratios, as shown in Fig.10(a). For
Re=700, the flow velocity gradient has a greater in-
fluence on the orientation distribution, the effect of
particle inertia is insignificant comparatively, the ori-
entation distributions are not sensitive to the particle
inertia and even (3, as shown in Fig.10(b). According
to the predictions of the Krushkal-Gallily model, 2]
for particle’s aspect-ratio 8 > 5, the orientation is not
sensitive to . Therefore our results are reasonable,
since the fibre aspect-ratios in our computations range
from 5 to 20.

Probability/ %

I z@\k A A A
O 1 1 a§ﬁ NN
0 20 40 60 80
9

Fig.10. The orientation distributions of fibres with
different aspect-ratios for different Re. —O—: [=5;
—QO—: p=10; —A—: [=20. (a) Re=500; (b)
Re=700.

4.4. The effect of fibre density on the orienta-
tion distribution of fibres in the laminar

flows

Figure 11 is the orientation distributions of fibres
with different densities p, at two Reynolds numbers.
It is seen that for the fibre density in the given range,
the density almost has no influence on the orientation
distribution for the two Reynolds numbers. The rea-
son is that the Stokes numbers are very small over the
above range of the fibre density. The Stokes number
correspondingly changes from 0.00005 to 0.0002 as the
fibre density changes from 2000 to 8000kg/m®. The
orientation behaviours of the fibres are not different
substantially at such low Stokes numbers.

Therefore, we can conclude that the flow shear
rate, or the length scale of flow, has a pronounced ef-
fect on the orientation distribution of fibres, whereas
the effects of the fibres aspect-ratio and the fibre den-
sity are negligible.
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Re=500; (b) Re=700.

4.5. The fibre concentration in the direction of

the channel width in laminar flows

Figure 12 shows the fibre concentration distribu-
tions for Re=100. In the computation, we divide the
half of channel width 0< (H — r)/H <1 into eight
subregions, their width is the same in the lateral di-
rection. The concentration is represented in terms of
the ratio of n to N, where N is the total number of
fibres within the assigned region, and n the number of
fibres in each subregion. In the figure, the experimen-
tal results measured by Yasuda et all8! are also given.
Both results are agreeable and show that the fibre con-
centration distribution is nearly constant though it is
low near the side wall. The low fibre concentration
near the side wall is due to being exclusive of the force

caused by wall.

computational results with the experimental results
in Fig.13. In the channel flows, the critical Reynolds
number from a laminar to turbulent flow is 700-800,
and the turbulence is fully developed when Reynolds
number is larger than 10000. Figure 13 gives the re-
sults for Re=1600 and Re=11000. From the figure,
we can see a pronounced influence of turbulence on
fibre orientation distribution. At the early transition
from a laminar to turbulent flow and Re=1600, the fi-
bres’ alignment with the flow direction is obvious. As
flow transfers from a laminar to turbulent flow and
Re=11000, the turbulences on micro-scales in the dif-
ferent directions become closer, the fibre orientation
distribution becomes less concentrated. The reason is
that the random fluctuating velocity gradient causes
the irregular rotation of fibres and gives rise to the
dispersion of the fibre orientation distribution. This
dispersive effect is enhanced with Re increasing. Our
results are in good agreement with the measurements,
indicating that our computational model grasps the

physical essence of the fibre motion in turbulence.
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Fig.13. The effect of turbulence on the orientation
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4.7. The translational velocity, angular velocity or
and position diffusion of fibres
The translational and angular velocity compo- 8 ©
nents of fibres are calculated. It is obvious that all ve- [ 5
. . 6k
locity components fluctuate around their mean value, -
showing the strong flowing ability of the fibres with the 3 .
. . . i o
local flow. Naturally, the dimensional velocity fluctua- /
tions increase with Reynolds number increasing, for a 2 b
higher Reynolds number means a higher main stream
velocity. ol L 1 L L
2000 4000 6000 8000 10000

The standard deviations of fibres’ translational Re
velocity and angular velocity are defined by

Fig.15. Relationships between Re and the standard

N deviation of angular velocity of fibre.

> (tnz — 1) I addition. i , :
. ot n addition, Figure 16 shows fibres’ concentration
=N N in the lateral direction at Re=11000. The distribution
of fibres is similar to that in the case of laminar flow
as shown in Fig.12 except that in the region near the
i (s — y)? wall. The fibre concentration distribution is nearly
" ot constant, which is consistent with the experimental
Ur = N ’ results given by Yasuda et all”l It also can be seen
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that more fibres move to the wall in the case of turbu-
lence than laminar flow. This phenomenon conforms

to the velocity profiles of laminar flow and turbulence.
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O—p—" \O\O/O\O

E 0.10 /
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0.05 F

0.00 1 N 1 " 1 1 1 Il

00 02 04 06 08 10
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Fig.16. The concentration distribution of fibres in the
lateral direction of channel at Re=11000.

5. Conclusion

The orientation and concentration distributions

of fibres in laminar and turbulent channel flows are
simulated numerically. The simulated results are con-
sistent with the experimental data available in the lit-
erature and show that the flow field regime exerts a
remarkably strong effect on the orientation distribu-
tion of fibres. In the laminar flow regime, more fibres
are aligned with the flow direction with the increase
of Reynolds number. The shear rate of fluid around
a fibre and the length scale of flow are the key fac-
tors for determining the orientation distribution of fi-
bres, while the fibre aspect-ratio and the fibre density
have a marginal influence on the orientation distribu-
tion of fibres. Therefore, it is reasonable to assume
the fibres to be inertialess in the paper. In the tur-
bulent regime, the orientation and concentration dis-
tributions become more homogeneous with Reynolds
number increasing, and the fluctuating intensity of fi-
bre velocity in the downstream direction is larger than
that in the lateral direction. More fibres move to the
wall in the case of turbulence than in the case of lam-

inar flow.
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