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Abstract. Computational Fluid Dynamics (CFD) tools can beleg successfully to predict
the turbulent pipe flow of pulp suspensions. Thistegy allows to avoid the design of
industrial equipment based on empirical correlaiomhe present work investigated the
turbulent pipe flow of concentratdéucalyptuspulp suspensions. The numerical study was
performed using the ANSYS FLUENTCFD software [ANSYS FLUENY 13.0.0, ANSYS
FLUENT Inc., 2010]. A pseudo-homogeneous approaak applied in this work. The non-
Newtonian behavior of the pulp suspensions wasodnited into the CFD code by
considering the pulp viscosity as a function obeal shear rate. Additionally, the model took
into account a presence of a water annulus at ifhee yall surrounding the flow core. The
Chang-Hsieh-Chen [1,2] low-Ree turbulence model was selected in this study asotie
allowing to account for drag reductioneffect in the pulp suspension flow as already show
in the previous work of the authors [3]. Moreovas, referred in [2] the CHC turbulence
model is more universal than the other low-Re nm®dhce its constants are the same as
those conventionally used for the standetdmodel. The applicability of the CHC model to
reproduce the drag reduction effect has been tegtbca damping function adopted from the
work of Malin [4] who studied the pipe flow of awer-law fluid. In order to better fit the
available reference experimental data the dampingtion proposed in [4] has been modified
by varying its parameters. A good correspondent¢edsn the velocity profiles reported in
literature [5] and those obtained numerically welsieved. As the key indicator of the model
appropriateness the pressure drop values obtaxpatimentally were used.
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1 INTRODUCTION

The knowledge of the flow behavior of concentrajgap suspensions has a great
importance in the pulp and paper industry sincepthlp’s flow influences the characteristics
of the pulp in pipes which affects the propertieéthe final product. The optimum design and
process operation, which leads to higher productiot process efficiency, lower costs and
improved product quality, are nowadays the keyassaf the pulp and paper industry. In this
kind of industry, low energy efficiency and highopess costs are mainly due to an incorrect
design of the pump and flow systems in the diffeitages of the process. Despite of the
growing interest on the experimental and numestadlies of pulp suspensions flow, which
remains poor and incomplete, the design of the rpostess equipment is still based on
empirical correlations. Computational tools, sushfar example CFD tools, can be applied
to optimise a design of pulp and paper process kamel to reduce of the associated costs.

Although the pulp and paper manufacturing are fumetztally the same, the final product
can be quite different and directed for specifiplgations. The complex interactions between
different pulp and paper components contributéneodistinct behavior from the other solid-
liquid systems even if they are considered sofidil systems [6]. Understanding the pulp
and paper manufacturing process requires knowl@dgee chemistry, physics and fluid
mechanics fields [7]. The fluid mechanics of thepgranaking process includes) the
modelling of fiber suspensionsj)(experimental methods to obtain the data necedsary
validation and tuning the models, anil)(the knowledge concerning the coupling between
rheology and suspension characteristics [7]. Astinpach stage needs the output information
from the other stages which represents importanatlesiges to get all the numerical and
experimental information required.

The pulp flow starts when the shear stress is hitftan the yield stress, [8] — see Figure
1. The suspension can present a fluid-like behawioen the shear stress exceedgdlso
called fluidization point, and the network struetwzan be absolutely disrupted [8]. In this
point, the fully developed turbulent flow startsdatie pulps’ hydrodynamic properties are
analogous to those of water.
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Figure 1: Stress-rate curve for a fiber suspension (adoipted [9]).

The existing studies report distinctive flow regsrend pressure loss curves from those of
normal slurry or liquid flow systems — see FigureThe main flow regimes reported in
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literature are the plug, transition and turbuldawfregimes, but there are also reported sub-
regimes for each regime with well-defined shear mesms [6,9,10]. Initially, a plug of
fibers is in contact with the pipe wall, an incredsshear force distorts the plug and the
motion begins when the yield stress has been ssega#t low velocities, the pressure drop
has larger values than those of water due to twve dif the suspension as a plug of fibafs.
(see Fig. 2) corresponds to the velocity wherenthgimum of the head loss curve at the plug
flow occurs. The transition flow regime starts atocity Vy,.. In this regime and intermediate
velocities a central and intact plug is surrountigda turbulent fiber-water annulus. The
suspension components are in complex turbulentomatnd the pressure drop is lower than
the expected when the velocity is high [8]y is the velocity corresponding to the onset of
drag reduction [6]. When the velocity is escaldieglond the point where the fiber suspension
and water flow curves cross and become paralig),the whole suspension then becomes
turbulent like a turbulent liquid and all velociiend consistency gradients disappear. The
maximum of the drag reduction is represented/ by
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Figure 2: Pressure drop curve for pulp suspensions (addpied[7,11]).

In the recent years, the interest on the numesitalies on the fiber suspension flows has
been increasing and different mathematical modai® been tested to describe this kind of
flows. Two strategies are described in literatuh® pseudo-homogeneous models and the
multiphase models, each having a different compleleével and a specific domain of
application. The multiphase models are suitablalfiote systems only due to their high level
of complexity leading to huge computational effoffhe pseudo-homogenous models are
appropriate for concentrated systems, where fiiber-fand fiber-fluid interactions are
represented by rheological pulp properties. Froenatthors’ knowledge, the application of
this kind of turbulence models to study the flowtwfbulent pulp suspensions has not been
undertaken so far. In literature, only a few stadere dedicated to concentrated pulp
suspensions flows, but applying a different stratehe application of low Reynoldse
turbulence models (LRN) to study the polymers flns been more studied than the
application of such models to the fully developedbulent flow of concentrated pulp
suspensions.

The present work aims at numerical investigatiohghe fully developed turbulent pipe
flow of concentratedtucalyptusfiber pulp with CFD tools. The CFD model considegritme
Newtonian homogeneous one-phase fluid was refotedil@ take into account the presence
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of fibers in the flow. The strategy followed wagpseudo-homogeneous approach which is
appropriate for high concentrated fiber suspensibnshis study, the CHC LRN turbulence
model [1,2] was analyzed and modified in a propay W reproduce the experimental data
reported in literature regarding the turbulent pdlipw. As the reference the available
experimental literature data of the pressure drepewsed for the validation of the numerical
results.

2 THE CHC LOW REYNOLDS TURBULENCE MODEL

Chang et al. [1,2] proposed a modified LR®N: turbulence model to eliminate some
difficulties of previous models to deal with a sitayity occurring near the reattachment
points of the recirculating flows in a sudden-exgan pipe. This new model indicates the
proper near-wall limiting behavior and the singutkefect occurring near the reattachment
point when applied to separated flow is eliming@jd This model was applied to study wall
heat transfer problems in flow with pipe expansi@ometry and to test fully developed pipe
flows. This model was able to reproduce the expemniia data with a good agreement [1,2].

The present study addresses an incompressibldysteste, isothermal flow, without mass
transfer, non-Newtonian fluid flow and 2D axisymmel flow. The complete system of
governing equations is [1,2]:

1[ o 9 1[ o o) d o @)

r [6x (rpu¢))+ ar (r,a/w)} r {ax[”}’ axj ' or [r/’¢ or ﬂ ¥ S¢’
wherex is the axial coordinate, is the radial coordinate, is the fluid density. The tern§,
I'y and¢ are summarized in Table 1. . The model constamdswall boundary conditions of
turbulent quantities are given in Table 2, while gtamping functions of CHC model are
presented in Table 3.

As shown by numerous experiments the presencéersfieads to reduction of turbulence
intensity as a consequence of inhibiting turbulaeimentum transfer [12]. It means that for
the fiber suspension flows the governing equatisimsuld be modified, in particular those
describing the turbulent kinetic energy and turbtldissipation rate. The application of LRN
turbulence models to simulate the turbulent flowpolymers and particles is widely reported
in literature, but it is poor and incomplete fodpguspension flows. The strategy applied in
this work was to consider the CHC turbulence madehbined with the damping functidp
adopted from [4], the model termed as CHC-MalinAl.series of simulation tests were
performed considering the CHC-Malin Il turbulencedal to study the influence of the
parameters values of the Malin’s damping functionttbe numerical results, namely, on the
pressure drop and dimensionless velocity profile.

3 NUMERICAL IMPLEMENTATION

All the cases tested were implemented in ANSYS FNOE CFD software package
[ANSYS FLUENT® 13.0.0, ANSYS FLUENT Inc., 2010] using User-Defin€unctions
(UDF), i.e. the own developed procedures linkedh#® source code. The CHC turbulence
model implemented using UDF is capable to reprodpiexisely the numerical results
obtained with the in-built CHC turbulence model.[3]
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Table I The structure of tern@, Iy andg in the general transport equation (1) [1,2].

equation ) Iy S

continuity 1 0 0

momentum I~ 0P _O0( Ou) 10 Oor
axial ! #eﬁ oA Ox ¥ Ox g Ox - r or ey Ox

momentum = U+ _oP 0 Ox) 10 0» v
radial v He =H T Hy ar +6r Hy ar - - Or "Hy — ar ~2Hy, 2
t.k.e. k u+ulo, G, — PE
t.d.r. e U+l o, (C..fG, -C.,f,0e)E Ik

o2 ) o

Table 2 Model constants and wall boundary conditions (BOFHC turbulence model [1,2].

Model CLI Cgl ng O, Ok Ew — B.C. Iﬁ,— B.C.

CHC 0.09 1.44 1.92 1.0 13 0v@’k/9?) o

Table 3: Damping functions of CHC turbulence model [1,2].

Model f, f,

CHC® - exd-0.021Rq ) x 1-0.0kxg -Ref ¢
(1+31.66/ Re[54) 1- exp( 0063Rek)]

CHC-Malin 1@ | _ exd-0.016%e /n | » -0, ojexp( Re ) x
1+20.5Re 1- eXF( 0063R%<)]

CHC-Malin I ® 1-exp(—AD?q/nC)]2x ;_o.OEXF{-Rq )_x
gL+ B/Rﬁ 1-ex —0.063Rq()]

@ CHC LRN turbulence modef) CHC LRN turbulence model considering the dampimggtionf, of
Malin [4]; ® CHC LRN turbulence model considering the dampingctionf, of Malin [4], but with
modified model parameters.

2 /él/z
f1=1.0; Re —/e— ; Re, =
v’ U

Turbulent kinetic energy and its dissipation rate iatroduced as scalar quantities. In the
CFD solver, the built-in turbulence equations arméd off. User Defined Scalar (UDS)
Sources are used to add the source terms in thelémce (scalar) equations and the
diffusivities are introduced as User Defined Scdlaifusivity in the material properties.
Turbulent viscosity given in Table 1 is introduas Turbulent Viscosity in the model.
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In Ansys Fluent solver, the partial differentialuatjons are discretized using the finite
volume method [13]. The complete set of equati@measented by general equation (1) is
integrated for each individual control volume réisig on algebraic equations for the
unknown discrete dependent variables. The algebesmjoations can then be solved
numerically with a control-volume-based techniqdée linearization of the discretized
equations results in a linear system of equationsi® solution yield updated values for the
dependent variables. The first-order upwind schémehosen to discretized spatially the
differential conservation equations, i.e. it istamed that the quantities of the variables at cell
faces are similar to the value in the cell cenltigg tepresents a cell-average value [13]. The
Simple algorithm was chosen in which the mass awasen is implemented by
reformulating the continuity equation which derivaas additional condition for the pressure
using a correlation between velocity and pressareections and, in this way, obtain the
pressure field [13]. All cases studied include iy developed turbulent pipe flow (Table
4). The numerical solution of the complete systéracquations involves boundary conditions
related with the inlet and outlet flow, with the lwand pipe axis. The inlet and outlet are
linked as periodic boundary conditions and theramigosed the mass flow rate at the inlet.
The pipe axis was considered as axis boundary tondiFor each UDS (User Defined
Scalar), the boundary conditions at the wall aneegiin Table 2. The numerical domain
(Figure 3) was discretized with a structured noifeum (refined in the near-wall region)
mesh with the characteristics given in Table 4. Thevergence criterion was the residuals
and thse solution was considered converged whenhbhdymet a specified convergence level
(1x107).

Inlet 3

A J

AT

T.
Figure 3: Model geometry considered [14].

Table 4 Numerical mesh characterisation.

L [m] D [m] Mesh nodes numbé&t R®
1.0 0.07620 20x118 1.05
“ Number of nodes accordingxandr coordinates, respectivel§’ Interval length ratio.

4 TEST CASES

The numerical tests were performed to reproducexperimental flow data of a turbulent
flow of Eucalyptuspulp (fiber average length of 0.706 mm [15]) foffelient experimental
flow conditions (flow rate and consistency). The@exmental information on the viscosity of
the pulp suspensions was applied to obtained @tiwak to be introduced into the CFD code
and the head loss in the pipe was used to valtlatemathematical model.

The pulps’ rheological characterization didn’'t haaes a standard procedure or equipment
to obtain the rheological data. Modified rotationaometers, conventional rheometers, pipe
rheometers, NMRI techniques and UVP-PD techniqoédifie and in-line techniques) can
be applied to obtain the material pulp propertidse rheological data required in the present
work were obtained using an off-line techniqueadapted Searle-type rotational rheometer —
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plate viscometer [8,16]. TwRucalyptuspulp consistencies equal to 1.50 and 2.50 % (w/w)
were considered in the present study. The rheogr@imapparent viscosity representation for
the pulp with consistency equal to 1.50 % (w/w) banin [14]. The apparent viscosity was

obtained considering the viscosity of a Newtonimndfwith the same resistance to the flow

as the pulp and can be given by the following equdtL4]:

) n—1
Happ = K(Vj

where Uapp is the apparent viscosit is the consistency index amdis the flow behavior
index (Table 3). The flow data under interest (€ab) were adopted from [6,15] including
the experimental results obtained in a pilot riggarly adapted to study the flow of pulp
suspensions.

)

Table 5: Flow cases studied [3,6,14,15].

c Up® Fo 7 APLyae’  AP/Lexy” AP/Loym™
owhw] K N ] kgs] R pami  [Pami 3 [pani
150 028 053 449 204 340500 188516 8291 A0 360.19
150 028 053 621 283 470900 3419.65 1288680  3355.60
250 1072 025 490  20.3 371600 221255 1578.94C0  2157.18
250 1072 025 555 253 402900 2781.05 1753.79D0  2335.43

® Mean inlet pulp velocity"” Reynolds number calculated based on the wall sigcfiL7].® Only
flow of water in the same pip€. Experimental pressure drop value for pulp fl&% Numerical
pressure drop value for pulp flow.

5 RESULTS AND DISCUSSION

5.1 CHC turbulence model

The UDF implementing the CHC LRN turbulence modekwalidated by the authors in
the previous work [3]. The validation was made bynparing the results produced with the
use of the UDF with those obtained from the builtAnsys Fluent model. An excellent
agreement was found between both the own-develapédbuilt-in model results.

Despite of adrag reductionreproduced with the use of the CHC turbulence rmfmteall
cases, it is evident that the numerical pressuspgdare still not acceptable for the pulp flow
cases tested (Table 5).

The main results evaluated in the present worklegebehavior of the dynamic viscosity,
dimensionless velocity, turbulent kinetic energy @s dissipation rate, according tpsince
they are the main variables modified in relationtih®@ Newtonian one-phase turbulence
model.

In Table 6 the main results obtained with the Cldfbulence model are summarized. For
the pulp suspensions flow it is expected that ailgecS-shaped profile near the wall was
obtained for the dimensionless velocity as a fumcof dimensionless distance to the pipe
wall [5]. A better agreement between the numerpcaksure drops and the experimental ones
was achieved in the cases where the dimensionikglsgity profile follows the tendency
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reported in [5]. The dynamic velocity profiles repent the higher flow resistance in the pipe
center where the number of fibers is higher. Fer ldwer consistency cases, the dynamic
viscosity profile is more uniform in the radial éation due to the lower number of fibers in
the flow and the viscosity is very similar acrosssinof the pipe sectional area. All the
viscosity profiles reflect the higher resistancethe flow in the central region of the pipe
where the fibers are more concentrated formingctive region. Regarding the dimensionless
velocity profiles, the abrupt transition in visaysirom the core region to the water annulus
for c=2.50% (w/w) is not as smooth as in the cadesre c=1.50% (w/w). This fact is due to
the higher concentration/fiber number in the cargion when ¢=2.50% (w/w) and, also,
because the transition in the dynamic viscosityw@e abrupt in those cases. The peculiar S-

shaped profile is more evident for c=1.50% (w/w)l &&,=340500 which can be due to tke

values near the wall are being correctly describgdhe damping functions which is also
observed by the reduction ©hear the wall.

Table 6;: Numerical results — CHC model.
Dynamic viscosity
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5.2 Modified CHC turbulence model

The application of the CHC turbulence model topgh# flow leads to lower pressure drop
than that when considering the water flow in thensgipe. However, the pressure drop
values are higher than the experimental ones ®Etitalyptuspulp flow. The modification
of the damping functiorf,, according to [4] was tested. This kind of dampiagction was
applied successfully to predict the flow of powawl fluids. The influence of three
parameters on the damping function and on the maimerical results was investigated. A
series of test cases performed is indicated inel@blrhe numerical pressure drop values and
model parameters tested are presented in Table 8.

The modification on the damping functidp, according to [4] had no a strong impact on
the numerical pressure drop which means that theesgroposed for the power-law fluid
flow cases are not appropriate for tRacalyptuspulp flow cases tested. In general, this
modification leads to closer pressure drop valoethose obtained with the CHC turbulence
model without modification. The most sensitive caséhe modification on the parameters is
the pulp with c=1.50% (w/w) andp,=4.49 m-3 which can be explained by the fact that this
case is very close to the transition regime andtdnleulent flow most likely is not fully
developed. The numerical pressure drop is strosghsitive to the paramet€rand a good
correlation between the experimental and numepcedsure drop values can be achieved by
modifying this term. A proposal for an optimal valof C is presented in Table 9 and its
values depend on the cases tested which suggéshéhparamete€ can be related with the
flow and pulp characteristics. This kind of depemme of C on the flow and pulp
characteristics will be analyzed in a future work.

Table 7: Flow cases tested (see Table 6).

Case 1 2 3 4 5 6 7 8 9
Model | CHC-Malin | CHC-Malin I
A 0.0165 0.0125 0.0195 0.016%.0165 0.0165 0.0165 0.0165 0.0165
B 20.5 20.5 20.5 10.25 30.75 20.5 20.5 20.5 20.5
C 0.25 0.25 0.25 0.25 0.25 1.125 1.05 2.00 1.975

Table 8 Numerical pressure drop values — CHC Malin II.

Case c Up® Fp R&e”  APlLog® APILym™ £ @D
[% wiw] [m-s] [kg-s'] [Pa-m']  [Pa-m'] [%)]
Al 1.50 4.49 20.4 340501 829.1 360.53 56.5
B1 1.50 6.21 28.3 470937  1288.69  3331.68 158.5
c1 2.50 4.90 20.3 371593  1578.94  2152.18 36.3
D1 2.50 5.55 25.3 402886  1753.79  2333.18 33.0
A2 1.50 4.49 20.4 340501 829.1 1667.80 101.2
B2 1.50 6.21 28.3 470937  1288.69  3167.18 145.8
c2 2.50 4.90 20.3 371593  1578.94  2151.61 36.3
D2 2.50 5.55 25.3 402886  1753.79  2342.07 33.5
A3 1.50 4.49 20.4 340501 829.1 359.36 56.7
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B3 1.50 6.21 28.3 470937 1288.69 3381.53 162.4
C3 2.50 4.90 20.3 371593 1578.94 2139.57 35.5
D3 2.50 5.55 25.3 402886 1753.79 2319.58 32.3
A4 1.50 4.49 20.4 340501 8290.1 361.30 56.4
B4 1.50 6.21 28.3 470937 1288.69 3343.25 159.4
C4 2.50 4.90 20.3 371593 1578.94 2163.30 37.0
D4 2.50 5.55 25.3 402886 1753.79 2342.07 33.5
A5 1.50 4.49 20.4 340501 8290.1 359.46 56.6
BS 1.50 6.21 28.3 470937 1288.69 3317.22 157.4
C5 2.50 4.90 20.3 371593 1578.94 2139.93 35.5
D5 2.50 5.55 25.3 402886 1753.79 2320.96 32.3
A6 1.50 4.49 20.4 340501 8290.1 317.22 61.7
B7 1.50 6.21 28.3 470937 1288.69 418.98 67.5
C8 2.50 4.90 20.3 371593 1578.94 1581.67 0.2
D9 2.50 5.55 25.3 402886 1753.79 1774.19 1.2

® Mean inlet pulp velocity"”) Reynolds number calculated based on the wall siscfl7].
Experimental pressure drop value for pulp fl&% .Numerical pressure drop value for pulp flo#.
Relative error between the experimental and nurakepiessure dropAP/Lexp-AP/Lyum|/AP/Lexp)-

The modification of the damping function affect® thelocity profile, turbulent kinetic
energy and its dissipation. The behavior of themgables is important to be analyzed since
the drag reductioneffect is reflected by the decay of turbulence dydan S-shaped
dimensionless velocity profile. In Table 9 the fesf of u”, k ande are presented for the
cases where the numerical pressure drops are ¢ttoHes experimental ones — Cagds; B7,

C8 andD9. For the lower consistency cases, the pressugeidiower than the experimental
values which means that the modifications of thengiag function lead to excessive
reduction of the turbulence intensity. As can bserbed, for the higher consistency cases the
dimensionless velocity profile reflects the higmemmber of fibers in the core region which
creates a higher resistance to the flow and a moiferm radial velocity distribution. The
peculiar S-shaped profile is more evident for tlases of ¢=1.50% (w/w) and the three
regions described in [5] can be identified — tharneall, yield and core regions. At the
turbulence level, the higher number of fibers (5620 (w/w)) is reflected in the attenuation
of turbulence. The increase Gfin relation to the CHC turbulence model leadsrtorerease
of the damping function and in this way to the mdhn of turbulent kinetic energy. The most
sensitive case to th@ value is c=2.50% (w/w) andyg4.90 m-& which corresponds to the
highest Reynolds number based on the wall viscasitylower dynamic viscosity.

6 CONCLUSIONS

In the current study a numerical work concerning Bucalyptuspulp flow using the
commercial software Ansys Fluent is presented. TR&N CHC turbulence model was
reproduced using User-Defined-Function. The non-fdai@n behavior of the pulp was
introduced by considering the local viscosity o thulp as a function of local shear rate.
Moreover, a water annulus near the wall surrounthiegcore region was taken into account.

10
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Table 9 Numerical results — modified CHC model.

Dimensionless velocity
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r[m] r[m]

The original LRN CHC turbulence model was modifiégaking into account the
modifications presented in [4] for the power-lawid flow.
The main conclusions are:

The application of the LRN CHC turbulence modeR[land also the introduction of
the non-Newtonian behavior of the pulp is ablegggroduce therag reductioreffect
observed experimentally for the pulp flow.

The application of the modified damping functifin,according to [4] was not able to
improve the numerical results in satisfactory way.

The numerical results can be improved consideralglymodifying theC term of
damping functionf,, (Tables 3, 8 and 9).

The modification on the parametgiin the CHC-Malin Il presented in this work was
optimized for the higher consistency cases.

For the lower consistency cases the damping fumc@&iC-Malin Il turbulence
model reduces considerably the turbulence and tégspre drop is lower than the
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experimental one.
- In a future work an expression for the paramé&eelated with the flow and pulp
characteristics will be studied.
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