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ABSTRACT

This paper introduces a comparison between CFD
simulations and experimental data of a dilute fibre
suspension of bleached softwood chemical pulp fibres in a
backward facing step channel flow. Average velocities and
turbulence quantities are measured with Particle Image
Velocimetry (PIV) technique in pure water and in 0.2 mass-
% suspension flow, and the results are compared with
numerically modelled data. Different mechanisms of the
modification of turbulence are studied and, based on a
theoretical review, an extra dissipation term is added to
Reynolds stress turbulence model (RSM) to simulate the
effect of fibres on turbulent quantities. The attenuation of
turbulence in the step area and the shift of reattachment
point further downstream after abrupt expansion is well
captured by the presented model.

INTRODUCTION

Many unit processes in the pulp and paper industry are
based on turbulent fibre-water suspension flows. Better
understanding of the effect of suspended solid matter on the
flow properties of the carrier phase is important in order to
control the process accurately in different operating
conditions. Because of the large aspect ratio (//d) of fibres,
strong particle interactions occur in fibre-water flow even at
low consistencies (¢ S 0.1 %). As a consequence, the fibres
move as flocks and the fibre and floc interactions cause a
feedback on turbulence structure. Extensive reviews of the
observations and flow properties in turbulent fibre
suspension have been presented by Parker (1972), Norman
et al. (1977) and Kerekes et al. (1985). However, scarce
quantitative  information  exists about turbulence
modification and characteristics in fibre suspensions due to
the complexity of measurements as well as modelling.

The main interest around turbulence measurements is to
explain the changes in turbulence structure due to the
presence of solid matter in suspension. A great deal of
theoretical and experimental information exists in the

literature about the reduction or increase of the turbulence
intensity caused by the presence of spherical particles in a
fluid (Yuan & Michaelides 1992, Hetsroni 1989). An
extensive review of Gore and Crowe (1989) showed that
small particles (d, < 0.1' where I' is the length scale of
turbulent eddies) will dampen turbulence due to the relative
velocity induced drag effect, while larger particles tend to
enhance turbulent kinetic energy due to vortex shedding in
the wake of the particle.

Modified k-¢ turbulence models including the effects
described above have been developed and tested for dilute
suspensions of spherical particles (Elghobashi & Abou-Arab
1983). However, since fibres are non-spherical and tend to
form flocks, it is difficult to develop a rigid mathematical
model analogue to the approach used in the dilute particle
suspensions of spherical particles.

Most observations of turbulence in fibre suspensions have
been reported by using the Laser Doppler Anemometry
(LDA) technique in straight pipe flow. Several authors
(Chuang 1982, d'Incau 1983) have reported reduced
turbulent intensities in fibre suspensions compared to pure
fluid flow. Ek (1979) measured reduced turbulent intensities
in the core of the pipe in a ¢ = 0.5 % fibre suspension
compared to pure water flow while turbulent intensity was
greater in the wall region. Steen (1989a,b) used different
consistencies and fibre lengths concluding that kinetic
energy decreased with increased consistency and fibre
length.

Few attempts have been made to model turbulent fibre
suspension flows (Hourani 1988ab, Steen 1990). Steen
(1990) has presented a model for Fibre Flocculation Concept
where the fibrous phase is described with a new variable,
flocculation intensity. The model is based on single-phase
description where an additional scalar transport equation is
solved for flocculation intensity and the effects of fibres on
momentum and turbulence equations are neglected.

The objective of this study is to provide a straightforward
way to model turbulence in dilute (¢ = 0.2 %) fibre-water
suspension flow. Fibre effected turbulence modification is
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Figure 1. Schematic picture of the flow domain.

based on the idea of an extra dissipation term in turbulent
shear stress components in RSM turbulence model due to the
energy needed for suspension fluidisation. The presented
model is tested in channel flow over a backward facing step
and the simulation results are compared with PIV
measurements carried out in the same geometry (Piirto et al.
2003).

EXPERIMENTAL SETUP

Figure 1 shows a schematic view of the flow domain used
both in measurements and in simulations. The examined
domain consisted of total stream-wise length L, = 90k with
an inlet section L; = 55h prior to the sudden expansion.
Vertical height was L, = 4h after the expansion and the
span-wise width of the channel was L, = 2h, where h is the
step height. The coordinate system was placed at the lower
step corner as shown in Figure 1. The step-height Reynolds
number for water was defined as Re, = Ugh/v = 36 500,
where U, is the maximum mean inlet velocity. The
expansion ratio was ER = L,/(L, - h) = 1.33.

Due to the operation principle of PIV, based on laser sheet
optics and a CCD camera, the measurement of a suspension
flow required special efforts. The penetration of a laser light
sheet in fibre suspension was limited leading to incomplete
image capturing deeper in the flow domain. Thus, the
intensity of images decreased towards the middle part of the
channel, but this phenomenon did not directly affect the
location of the velocity vector correlation peaks, i.e.
calculated displacement did not depend on the image
intensity (Piirto et al. 1999). However, especially in the
middle part of the channel, the noise in the image capturing
may have increased the velocity random error, and thus the
error in turbulence characterisation. Generally, the random
error incorporated with the PIV system and iterative discrete
interrogation algorithm (Westerweel et al. 1997) was of the
order 0.05-0.1 pix leading to the non-dimensional
measurement r.m.s. error of the order 0.01-0.02.

In addition to the visible fibres, the flow was seeded by
polyamide particles with an average size of 5 um. The
seeding particles were needed only in the lower part of the
channel where the fibre concentration was lower due to
phase separation. In the middle part of the channel seeding
particles had no practical meaning since fibres and flocks
were dominating the flow. PIV as a method does not
separate the motion of seeding particles and fibres, and thus
the computed velocity field was composed of average
displacements of seeding particles and fibres in each
interrogation area. In the processing of velocity vectors, very
few erroneous vectors were found when the correlation
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Figure 2. Measured and modelled average velocity
profile for water just before the step (xh = 0).

peaks were required to be located in the allowed velocity
range. The measurement resolution was 0.08% and the size of
the interrogation area was 0.08h x 0.084 (32x32 pix).

Reynolds stress components and mean velocity profiles at
locations xth = 4, x/h = 6.5, xth = 9 and x/h = 17 were
computed from the PIV data and compared with the results
of the simulations described below. In addition, the PIV
results were compared with Direct Numerical Simulation
(DNS) data of Le et al. (1997) and experiments conducted
by Jovic & Driver (1994) in order to validate the
measurements in general terms. However, it should be
noticed that backward-facing step flows studied by Le et al.
and Jovic & Driver had lower Rey than presented here, even
though ER and reattachment length X, were almost the same.

Numerical modelling work was carried out with the
commercial CFD code Fluent 6.0.20. Although the actual
flow field in the examined domain is certainly 3-
dimensional, the simulations were carried out in a 2d-
domain in order to get a fine enough grid with moderate
calculation time. The position of the reattachment was found
to be very sensitive for grid properties, and after ca 60 000
cells further grid refinement did not result in significant
chances in reattachment behaviour. An RSM turbulence
model with default model constants (Fluent Inc. 2001) and
10"* convergence criteria for all variables was used.

The mean inflow velocity profile U(y) imposed at the inlet
boundary in simulations was taken from PIV measurements.
Measured and modelled profiles for water just before the
step are shown in Figure 2. Setting of correct boundary
conditions for inlet turbulence quantities before the step was
complicated since appropriate measurements were not
available. Constant 10 % turbulent intensity was set to the
inlet and turbulent quantities were assumed to have enough
time to develop prior to the sudden expansion. However,
before the measured flow domain there was a shape change
from circular pipe to rectangular channel, and the inlet
section L; appeared to be too short for the flow field to be
considered as fully developed before the step. This may
cause some inaccuracy when measured and modelled
absolute values are compared with each other, especially
with respect to turbulent quantities. However, the trends
between water and suspension behaviour in measurements
and in simulations are well comparable.
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THEORY AND MODELS

Most of the models for turbulent flow including solid
matter are based on an assumption of very dilute suspension
of spherical particles without bilateral collisions (Elghobashi
& Abou-Arab 1983). However, fibre suspensions behave
differently from dilute particle suspensions since fibres
interact with each other and form flocks even at low
consistencies, and the internal fibre network resists a certain
yield stress, 7, (Bennigton et al. 1990). In general, Yuan and
Michalides (1992) have summarised six mechanisms that
may modify the turbulence structure in particulate flows:

1) Dissipation of kinetic energy caused by the particles
2) Increase of the apparent viscosity due to the particles
3) Shedding of vortices or the presence of wakes

4)  Fluid moving with the particle as added fluid mass
5) Enhancement of velocity gradients between particles
6) Deformation of the dispersed phase

For dilute fibre suspension flow with small density
difference between the phases, mechanisms 1 and 2 are most
significant. Increased dissipation leads to the attenuation of
turbulence and affects to momentum transport through the
changes in turbulent viscosity. Increased apparent viscosity
simply enhances the diffusion in the transport equations of
momentum and turbulent quantities. At the laminar region
fibre suspension is proposed to flow as a continuum non-
Newtonian Bingham fluid with a shear dependent viscosity:

W=7y + )

where 4, is apparent molecular viscosity, y shear rate and
Uy plastic viscosity, which for dilute suspension can be
defined as the apparent molecular viscosity of the carrier
fluid, i.e. water. Thus at low shear rates suspension apparent
viscosity approaches infinity while at high shear rates it
approaches water viscosity. In addition to increased
Bingham viscosity, Steen (1993) has proposed an added
apparent viscosity due to flock collisions analogue to the
Bagnold (1954) model for dense suspension of spherical
particles. However, this issue is not considered here because
of the low concentration of fibres. In transition or low
turbulence region the momentum transfer is determined by
effective viscosity, which is a sum of apparent molecular
and trbulent viscosity. In fully turbulent flow, as in
question here, the momentum transfer is supposed to be
totally controlled by turbulent viscosity and the non-
Newtonian effect of apparent viscosity can be neglected.

It is supposed here that the dissipation of turbulent kinetic
energy arises from the work continuously needed to break up
local flocks, i.e. the dissipation is equal to the energy
required for suspension continuous fluidisation. Many
authors have studied the fluidisation phenomenon in fibre
suspension flows (Bennington & Kerekes 1996, Gullichsen
& Hirkonen 1981) and concluded that after a certain shear
level, the suspension is in a turbulent state and exhibits
properties commonly associated with Newtonian fluid. After
fluidisation the suspension momentum transport  is
controlled by turbulent viscosity rather than by apparent
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Figure 3. Measured and modelled reattachment point
for water and for suspension (y/h = 0.05).

molecular viscosity. Bennington and Kerekes (1996)
assumed that suspension fluidisation occurs when the local
shear stress of fluid is everywhere equal to the yield stress of
the fibre network, 7, (the stress required to initiate the flow
under shear), and certain energy proportional to T, is
required for the onset of fluidisation. It is further proposed
that this yield stress-related amount of energy is
continuously dissipated from local turbulent shear stress in
order to maintain the fluidisation.

In the RSM model the production of stress components is
expressed by multiplying Reynolds stresses by mean
velocity gradients, The dissipation term is expressed
similarly to standard k-¢ model: normal Reynolds stress
components are multiplied by "turbulent shear rate" e/k.
Supposing that the basic production and dissipation
mechanisms remain unchanged in dilute turbulent fibre
suspension flow, an additional dissipation term to turbulent
shear stress equation can be defined as:

g =€/ k ()]

The magnitude of suspension yield stress depends on fibre
properties and mean consistency and has been broadly
studied in literature (Bennington et al. 1990, Bennington &
Kerekes 1996, Huhtanen 1998). In this case, T, is assumed to
be of the order 20 Pa (c = 0.2 %, I/d = 60). The equations of
turbulence kinetic energy and dissipation in the RSM model
are remained unchanged, and the modified transport
equation for Reynolds stresses is presented below (Eq. 3):
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Figure 4. Measured average velocity profiles for water
and for suspension at different axial positions.
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Figure 6. Measured uv profiles for water and for
suspension at different axial positions.

{ —— water (measured)  —=- suspension (measured) |

2ﬁ
1.5 %/h= ké‘

y/h

>

0.5 1

0 0 0 0.02

uu/ U02

Figure 8. Measured uu profiles for water and for
suspension at different axial positions.

where U; and u; are the mean and fluctuating velocity
components respectively, p the pressure, 4, and L, apparent
molecular and turbulent viscosity respectively, and o the
density. The subscripts ,j,k take the values 1,2 to denote the
streamwise (x) and vertical (y) directions respectively.
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Figure 5. Modelled average velocity profiles for water
and for suspension at different axial positions.
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Figure 7. Modelled uv profiles for water and for
suspension at different axial positions.
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Figure 9. Modelled uu profiles for water and for
suspension at different axial positions.

RESULTS AND DISCUSSION

Measured and simulated axial velocities close to the step
wall for water and for suspension are shown in Figure 3. It
can be seen that the RSM turbulence model correctly
predicts the reattachment of water flow after step even
though the calculations were carried out in 2d. The
reattachment point for water in PIV measurements and in the
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Figure 12. Effect of increasing yield stress on uv profile
at xh =6.5.

presented RSM simulations was X, = 5.914. In the DNS data
of Le er al. (1997) the reattachment occurred further
downstream at X, = 6.28, but the values still are fairly close
to each other.

Addition of fibres to the water clearly shifts the
reattachment  point  further downstream both in
measurements and in simulations, but the effect seems to be
stronger in simulations. This may arise from too low
effective viscosity in momentum equations since increasing
apparent viscosity tends to move the reattachment closer to
the step. A slight difference between simulations and
measurements can also be explained with phase separation
after an abrupt step, which is not taken account in the model.

Measured and modelled average velocity profiles for
suspension and for water at different axial positions after the
step are shown in Figures 4-5. Despite the 2d-simplification,
the RSM turbulence model for water captures well the mean
velocity developing after a sudden expansion when
compared to water measurements. It can be seen that in PIV
measurements the general shape of the axial velocity profile
at distances x/h = 9 and 17 is too flat when compared to
simulations and to data presented by Le et al (1997).

In the modified RSM model the behaviour of suspension
average velocity is predicted correctly at the step area, where
the presence of fibres tends to reduce the mean axial
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Figure 11. Modelled vv profiles for water and for
suspension at different axial positions.

velocity. In the middle of the channel measured average
velocity for suspension is lower than the simulated one. This
indicates that the effective viscosity in momentum equations
should be higher at low shear rate area, which might be
handled by adding non-Newtonian behaviour to apparent
viscosity. This decrease in mean velocity due to added fibres
demonstrated in these measurements and simulations is also
reported by Steen (1993) in straight pipe flow, albeit his
model gave profiles that were too far flat compared to
measurements.

Measured and modelled Reynolds stress (uv, uu and )
profiles after the step for suspension and for water are shown
in Figures 6-11. There is a clear difference in the magnitude
of water uv-profiles in PIV experiments as compared to
RSM simulations and to the results of Le e al. This is
explained as being due to undeveloped turbulence in the
inflow of PIV measurements leading to too low shear stress
values after the step (Piirto e al. 2003). The same kind of
difference in magnitude is not observed so clearly between
measured and modelled uu and vv profiles. However, the
shape of the measured shear stress profiles for water is
consistent with the DNS data of Le et al. and with simulated
profiles presented here, whereupon the Reynolds stress
values between PIV measurements and simulations can be
compared qualitatively but not quantitatively.

At the step area in Figures 6-7, the direction and magnitude
of chance in uv level between water and suspension is the
same both in measurements and in simulations: added
dissipation term decreases the maximum value of the
Reynolds stress uv component. Simulated uu and vv profiles
in Figures 9 and 11 indicate the same behaviour: attenuation
of maximum value, which is earlier reported to happen for
turbulent kinetic energy, too (Steen 1990, Chuang 1982,
d'Incau 1983, Ek 1979). In contrast to PIV measurements,
the simulations predict approximately equal or lower shear
and normal stress values for suspension compared to water
in the middle part of the channel at all axial distances.
Furthermore, in simulations at the distance x/h = 17, no
remarkable difference is observed between water and
suspension vy profiles like in the measurements. These
departures may be the result of inaccurate inlet turbulence
boundary conditions as well as possible 3-dimensional
effects ignored in the 2-dimensional model. Despite a
moderately high Reynolds number, the impact of higher
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apparent molecular viscosity at a low shear rate area (i.e. in
the middle of the channel) is an important factor not taken
into account in the presented model. These issues should be
studied further with more precise measurement
arrangements having fully developed inlet conditions before
the step.

The effect of increasing yield stress on the turbulent shear
stress profile is presented in Figure 12. The magnitude of
yield stress in extra dissipation term is increased from 20 to
40 Pa while other model parameters are kept constant. As
expected, increasing 7, in the extra dissipation term increases
the effects described above. However, it should be kept in
mind that, despite the attenuating turbulence, the flow still
has to remain at a fully turbulent regime for the model
assumptions to be valid.

CONCLUSIONS

A turbulent fibre suspension model with a simple
additional dissipation term was tested in channel flow over a
backward facing step. Average velocities and turbulence
quantities for water and for suspension were compared with
PIV measurements and earlier data. The attenuation of
turbulence at the step area and the shift of the reattachment
point further downstream after abrupt expansion was well
captured by the presented model. However, some departures
were observed between measured and simulated turbulence
quantities in the middle part of the channel where mean
shear rate is low. Combining the modified turbulence model
with non-Newtonian viscosity properties, especially in
turbulent flows with lower Reynolds number, is an issue to
be studied in more detail.

In general, the results obtained with a simple modified
RSM model were promising, and the usefulness of the
model should be further tested with different consistencies
and more complicated geometry.
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