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with computational fluid dynamics (CFD) simulations and self-designed experimental set-up. In order to exam-
ine the predictability of CFDmodel for the headbox in industrial scale, two pulp suspensions beforemixingwere
treated as homogeneous flows separately. Standard k-ε turbulence models with the mass diffusion in turbulent
flows-species transport approach were applied in the simulations. A numerical simulation of this headbox
model was analyzed with semi-implicit method for pressure linked equations scheme with pressure–velocity
coupling. Results show that the model can predict hydrodynamic characteristics of headbox with injecting dilu-
tion water in a central diffusion tube, and the distribution of water content at the outlet of the slice lip is ideally
normal at different speeds.
© 2016 The Chemical Industry and Engineering Society of China, and Chemical Industry Press. All rights reserved.
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1. Introduction

The headbox is the heart of a paper machine, which delivers a well-
dispersed suspension with sufficient micro-turbulence to minimize
fiber flocculation [1]. To attain higher operational speeds, headbox
designs have progressed from open-air headboxes with agitating rolls
to the more modern high-speed hydraulic types [2].

Hydraulic headboxes do not rely on air pressure to make the flow
uniform. Instead, they utilize the hydraulic pressure created by a high
flow velocity. To a large degree, the dispersion of fibers at the headbox
discharge determines theuniformity and quality of the sheets produced.
Modern headbox systems can fine-tune the basis weight through
computer-controlled slice adjustments and dilution systems that
compensate for profile variations in the machine direction and cross
direction [3]. The uniformity in the slice flow begins with the headbox
header. To obtain uniform nozzle flow, cross-flow headers must be de-
signed using the theory of fluid mechanics [4]. Scott [5] has proposed
that a new headbox design must provide a narrower basis weight re-
sponse (basis weight responding range) compared with that achieved
by a slice bending system. In addition to providing advancements in
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profiling, headbox designs decouple the basis weight profiling from
thefiber orientation profile response. Controlling the consistency allows
better basis weight profiling (profile variations in themachine direction
and cross direction) than that achieved by slice bending. To understand
the effect of design and operation of the headbox on fiber orientation,
several fundamental studies have examined the orientation distribution
of suspended fibers as they pass through a transparent laboratory
headbox. Ullmar and Norman [6,7] measured the fiber orientation dis-
tribution in the plane of paper at headbox exit by electronically imaging
suspended nylon fibers. These studies examined the effect of mean flow
through the headbox, contraction ratio, and fiber concentration.

The pulp suspensions through the headbox are non-Newtonian
fluids. They are continuous fiber networks with structure and strength
attributing to the interactions between neighboring fibers. To create
motion throughout the suspension, the shear stresses imposed on the
suspension must be greater than the network strength, measured as
the suspension yield stress [8]. Fiber suspensions exhibit nonlinear vis-
coelastic properties, such as shear thinning [9]. Beyond the yield point,
however, the pulp suspensions display unique and poorly characterized
rheological properties [10].

Constructing a flowmodel to predict the flow behavior of pulp fiber
suspensions is important in this area because an accurate modeling
strategy can reduce the costs of experiments and prototype equipment
when designing headboxes. Advanced flow models for complex sys-
tems, particularly thosewith high consistency, have not been developed
to the degree required for completely characterizing the flow of fiber
suspensions, although some attempts have been reported for extremely
ustry Press. All rights reserved.
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diluted suspensions [11]. Various attempts to model headboxes involve
numerous simplifications. Hamalainen [12] assumed that theflow could
be described in two dimensions and a homogenization model was used
for the tubes. Aidun and Kovacs [13] considered only a portion of a
headbox. Evenwith these simplifications, thesemodels produced useful
results.

Headbox designs are closely associated with the theory of fluid
mechanics. Computational fluid dynamics (CFD) has been used to
model the turbulent flow of pulp fiber suspensions in pipes and
headboxes. Bakker and Fasano [14] were the first to model the pulp
flow in a stock chest with a side entering impeller using CFD.
Experimentally validated fiber flow models, which may use CFD based
on the finite elements method and compare pressure drop results, are
essential for detailed descriptions of fiber flows. The k-ε turbulence
model is extensively applied, with some restrictions. For example, the
Reynolds number must be sufficiently high and the turbulence has to
be uniform within boundary layers. Beyond the restrictions, the works
using the k-ε turbulence model are useless [15]. These assumptions
limit the accuracy of the model because they are not always satisfied.
A suspension is described as a pseudo-homogeneous one-phase fluid,
themodel still can be applicable for simulation under certain conditions
although it does not account for the existence of particles/fiber struc-
tures or for the variations in the consistency of the flow field. All of
the suspension components always undergo complex turbulentmotion.
Moreover, the turbulence parameters in the k-ε model are functions of
fiber type and concentration [16].

In a more recent study [17], the fiber orientation distribution was
measured in the plane of paper and in that of contraction at several lo-
cations along the axis of a headbox. The fiber orientation distributions
were measured over a range of inlet flow rates. When the turbulent
dispersion is neglected, the theoretically predicted fiber orientation dis-
tribution significantly is beyond the degree of fiber alignment compared
to experimental data [17,18]. Therefore, predicting the fiber orientation
in the headbox flow must account for the effects of fluid turbulence.
James et al. developed a theoretical model for the orientation distribu-
tion of fibers moving in a turbulent planar contraction, compared to
experimental measurements in literature, and then used the model to
explore the effects of headbox design and operation [19].

This work aims to analyze the hydrodynamics of the headbox with
injecting dilution water in central step diffusion tube using numerical
simulation. The results are expected to ensure the design and scale-up
of a new efficient headboxwithmedium-high speed, and provide a bet-
ter consistency distribution. Based on the flow channel of headbox in
engineering practice, a scale model of an industrial headbox is designed
using the standard k-ε turbulence models with turbulent flows-species
transport approach to examine theflow field, and the outlet consistency
curve of slice channel is found. In the hydrodynamic headbox, diluted
water will affect the consistency, turbulence kinetic energy, turbulence
intensity, and turbulence dissipation rate of the flow channel.
Fig. 1. Scheme of exp
2. Experimental and Validation

2.1. Experimental

The experimental set-up is shown in Fig. 1, consisting of a main
stream tank made of stainless steel, a scale Plexiglass headbox model,
pumps 1 and 2, a polypropylene tank for collecting water, two valves,
and two electromagnetic flowmeters. The tanks and model are self-
made, and the valves and flowmeters are obtained from Dongchi Mea-
surement & Control Technology Co., Ltd. in Ningbo City of China. The
scale headbox model is composed of a manifold head, a step diffusion
tube, an equalizing chamber, a turbulence generator, and a slice chan-
nel. The main stream tank measures approximately 3.0 × 1.5 × 2.5 m
with a partition in the middle to transport different consistency pulp
through pump 1 (type KZ125-350, flow rate 350 m3·h−1, head 50 m)
and pump 2 (type KZ80-265, flow rate 265 m3·h−1, head 60 m). The
side of a manifold head with a large and small end is connected to a
step diffusion tube. The main stream is pumped to the large end of the
manifold head through pump 2. The backflow crossing the manifold
head directly returns to the right portion of the main stream tank
when the polyamide particles, used as tracers, are added to measure
theflow field.When Rhodamine B (Dantec Dynamics A/S), a fluorescent
dye, is added to determine the consistency, the backflow no longer
returns to the right portion of the mainstream tank and is drained out.
The diluted water from the left portion of the mainstream tank is
pumped into the injector inlet of the manifold head through pump 1.
The main stream is mixed with diluted water, passing through the
step diffusion tube, equalizing chamber, turbulence generator and
slice channel in turn. The mixed flow out of the slice channel is injected
into the collection tank. When the flow is used to determine the mixing
consistency, it would discharge from the collection tank; when the flow
is used to measure the flow field, it would return to the main stream
tank to save the tracer and water.

To acquire information about the flow field, a two-dimensional par-
ticle image velocimetry (PIV) system is combinedwith a planar laser in-
duced fluorescence module, which is a non-intrusive optical device
(Dantec Dynamics PIV System, Marketec Technology Limited, Hong
Kong) to measure the movement of small tracer particles with a charge
coupled device (CCD) camera, a pulsed laser light, a computer, and a
monitor [20]. In this study, CCD camera is used to record images of par-
ticles in the illuminated plane. The image data are analyzed using the
Dynamics Studio imaging platform (Marketec Technology Limited,
Hong Kong) [20]. In thesemeasurements, the laser and the CCD are per-
pendicular to the side and bottom of the plexiglass headbox, and the
CCD is placed under the equalizing chamber or slice channel of headbox
to assess their flow field separately. Tomeasure the outlet consistency, a
liquid and gas laser induce fluorescence module for Dynamic Studio
(type 80S85) and a Starter Kit for concentration measurements (type
80 × 133) are used with the laser and CCD near the outlet. Rhodamine
erimental set up.
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B and a colored filter are used in the consistencymeasurements instead
of the tracer and single-pass filter in the flow field measurements. The
colored filter filters the green light while imaging the fluorescent parti-
cles, while the single pass filter retains the green light. The absorption
and emission spectra of the fluorescent dye gathered in the experiment
are shown in Fig. 2. The energy absorption spectrum is measured
between 460 and 590 nm, with a peak at approximately 520 nm. This
characteristic makes the marker very well suited for experiments
using a high-frequency Nd:YAG laser (λ = 532 nm). Furthermore, the
fluorescence spectrum (between 550 and 650–670 nm) does not great-
ly interferewith the absorption spectrum. Byfiltering the signal through
an appropriate filter with a cut-off at approximately 550/570, the laser
light can be blocked, allowing only the fluorescence to reach the sensor.
At low concentrations, absorption phenomena are very weak and local
concentrations are determined from the re-emitted fluorescence.

C ≈
F

aCE0
ð1Þ

It indicates that the fluorescence intensity is approximately propor-
tional to the consistency and the magnitude of the consistency can be
determined directly.
Fig. 2. Absorption (dotted line) and emission (solid line) spectra of Rhodamine 6B in
water.
In the experiment, the flux at the inlet, the backflow for manifold
header, and the diluted water is controlled by an electromagnetic
flowmeter and a valve. In addition, 1% and 0.3% Rhodamine B solution
Fig. 3. Computational domain
represent 1% and 0.3% pulp suspensions, respectively. The 1%
(by mass) pulp is used as the primary stream, and the 0.3% pulp is
used as the diluted water to be injected. The frequency conversion con-
trols the flow rate of main stream ranged from 6 m·s−1 to 20 m·s−1,
and the frequency conversion controls the flow rate of diluted water
ranged from 12m·s−1 to 40m·s−1. The large-end inlet of themanifold
head measures 57 mm in diameter, and its small-end backflow mea-
sures 20 mm in diameter. Seven outlets measuring 20 mm in diameter
are located on the side of the manifold head. The diameter of diluted
water inlet is 8 mm. The small and large pipes of step diffusion tubes
measure 20 and 30 mm in diameter, respectively, and 250 mm in
length. The inside of the equalizing chamber measures approximately
510 × 250 × 170 mm. The cross-section transition of the turbulence
generator is froma circular diameter of 35mmto rectanglewith dimen-
sions of 55 × 18 mm; this part measures 400 mm long. The rectangular
outlet of slice channel measures 550 × 18 mm in area and 700 mm in
length. To decrease the computational domain and improve the data de-
scribing the other parts of the headbox except themanifold header, the
computationalmodel shown in Fig. 3 treats theflow from the seven step
diffusion tubes as equal flux, because the speeds in themanifold header
are equal and the step diffusion tubes are the same sizes. Therefore, the
computational model includes only the step diffusion tube, the equaliz-
ing chamber, the turbulence generator, and the slice channel.

2.2. Computational model

Simulations are carried out in CFD code ANSYS 12.0 and the sizes of
the scale model are the same as the vessel sizes in the experiment. The
computational model captured the main features of the headbox other
than the manifold header, including the step diffusion tube, equalizing
chamber, turbulence generator, and slice channel. The computation do-
main spans from x=−57.5 mm to x=57.5 mm, from y=−235mm
to y=235 mm, and from z=−560 mm to z= 1290 mm. The diluted
sites locate at the step diffusion tubes injecting diluted water, 10 mm
from the inlet of the main stream, as shown in Fig. 3. The manifold
head is complicated and this structure keeps the flow entering the
step diffusion tube with equal speed while assuming that the fluxes en-
tering the seven step diffusion tubes in themodel are equal, as shown in
Fig. 3. In themodel, themain stream entering the inlet of the seven-step
diffusion tube is mixed with diluted water from its top, then passing
though the step diffusion tube, equalizing chamber, turbulence genera-
tor and slice channel. The flow out of the slice channel is ejected.

There are some advantages for triangle/tetrahedral unstructured
mesh, such as flexible distribution, good adaption, and convenience to
refine locally, so it can be used to compute complicated region of CFD
of the headbox model.
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model. In this paper, the geometrical model with irregular design is
rather complicated, so the unstructured tetrahedral meshes are used
to simulate the flow field, and a viscous flow with a triangular mesh is
used on the model wall. To model the turbulence, a standard k-ε
model is combined with mass diffusion in turbulent flow species
transport approach in mixing flow simulations of the viscous model.
Semi-implicit method for pressure linked equation schemes are used
for pressure velocity coupling, whereas standard is used as the spatial
discretization method for pressure. A second-order implicit scheme is
used for advancing the time. Residual values below 10−4 are selected
as the convergence criteria for the pulp flow. The computational time
is approximately two days when using a dual-core 4-GHz CPU.

Low consistency pulp is a kind of non-Newtonian viscoplastic fluid.
When its shear stress is greater than yield stress, the viscoplastic fluid
has the same hydromechanical characteristics as the Newtonian fluid.
Furthermore, the low consistency pulp flow in the headbox with
medium-high speed is fully developed turbulence. The shear stress is
greater than yield stress and its viscosity is constant, the same as the
Newtonian fluid [1]. The low consistency pulp flow is considered as
a mixture containing two fluids: water and low consistency pulp.
Table 1 lists the simulation parameters for CFD model when the
consistency of the diluted pulp is 0.3% and the main stream is 1%.
Table 1
Simulation parameters for CFD model

Water Low consistency pulp

Density/kg·m−3 998.2 1045
Viscosity/Pa·s 0.001 0.0018
Diffusivity/m2·s−1 2.88 × 10−5 2.88 × 10−5

Thermal conductivity/W·(m·K)−1 0.6 0.46
Specific heat capacity/J·(kg·K) -1 4182 1380
2.3. Conservation equation

2.3.1. Mass conservation equation
To calculate themixing of the two fluids in the desired proportion, a

species transport model is implemented in fluent, which is a type of
transportmodel. Themodel predicts the local mass fraction of each spe-
cies (Yi) by solving a convection diffusion equation for the ith species
[21]. This mass conservation equation has the following general form.

∂
∂t

ρYið Þ þ ∇ � ρvYið Þ ¼ −∇ � Ji þ Ri þ Si ð2Þ

In Eq. (2), the mass diffusion in turbulent flows is described as
follows [21].

Ji ¼ − ρDi;m þ μt

Sct

� �
∇Yi−DT;i

∇T
T

ð3Þ

The sum of mass conservation equations species is the continuity
equation.

2.3.1.1. Momentum conservation equation. The momentum equation
for the mixture is obtained by summing the individual momentum
equations for all phases. It can be expressed as

∂
∂t

ρmvmð Þ þ ∇ � ρmvmvmð Þ ¼ −∇pþ ∇ � μm ∇vm þ ∇vTm
� �� �

þρmg þ F þ ∇ � ∑
N

i¼1
;αi;ρi; vdr;i; vdr;i

 ! ð4Þ
where

μm ¼
XN
i¼1

αiμ i ð5Þ

and

vdr;i ¼ vi−vm ð6Þ

2.3.1.2. Energy conservation equation. The energy equation for the
mixture takes the form of

∂
∂t

XN
i¼1

αiρiEið Þ þ ∇ �
XN
i¼1

αivi ρiEi þ pð Þð Þ ¼ ∇ � keff∇Tð Þ þ sE ð7Þ

where the first term on the right-hand side represents energy transfer
due to conduction.

Ei ¼ hi−
p
ρi

þ υ2
i

2
ð8Þ

2.4. Species transport in the energy equation

For many multicomponent mixing flows, the transport of enthalpy
due to species diffusion significantly affects the enthalpy field and
should not be neglected [21].

Q ¼ ∇ �
Xn
i¼i

hi Ji

" #
ð9Þ

When the Lewis number for any species is far from unity, neglecting
this term leads to significant errors [21].

Lei ¼
K

ρcρDi;m
ð10Þ

ANSYS FLUENT includes this term by default.

2.5. Transport equations for the standard k-ε model

The k-ε turbulence model is high Reynolds number model. The low
consistency pulp flow in the headbox with medium-high speed is a
fully developed turbulence with high Reynolds number, which is not
based on certain restrictions of k-ε turbulence model. When the shear
stress of the low consistency pulp flow with medium-high speed is
greater than yield stress, it follows the same linear law as theNewtonian
fluid in hydrodynamics characteristics. In PERA GLOBAL Company's
ANSYS tutorial [22], if the phases are discrete, their density scale is 1,
or the particles are dispersed, the single phase k-ε turbulence model
can be used in the mixture. Thus the k-ε turbulence model works well
in this water-pulp emulsion flow.

The turbulence kinetic energy (k) and its rate of dissipation (ε) are
obtained from the following transport equations [21].

∂
∂t

ρkð Þ þ ∂
∂xI

ρkuIð Þ ¼ ∂
∂x J

μ þ μt

σk

� �
∂k
∂x J

� 	
þ Gk þ Gb−ρε−YM þ Sk ð11Þ

∂
∂t

ρεð Þ þ ∂
∂xI

ρεuIð Þ ¼ ∂
∂x J

μ þ μt

σε

� �
∂ε
∂x J

� 	
þ C1ε

ε
k

Gk þ C3εGbð Þ−C2ερ
ε2

k
þ Sε

ð12Þ
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The turbulent (or eddy) viscosity (μ t) is computed by combining k
and ε

μt ¼ ρCμ
k2

ϵ
ð13Þ

where Cμ is a constant. Themodel constants (C1ε, C2ε, Cμ ,σk andσε) have
following default values: C1ε=1.44, C2ε=1.92, Cμ=0.09, σk=1.0, and
σε=1.3.

2.6. Validation

In the PIV experiment, velocity vectors are measured. To make
the comparison between CFD predictions and experimental values
convenient, the water content is considered as the standard to be com-
pared, the sum of water content and pulp consistency are set to be 1.
Figs. 4 and 5 show the results obtained from the PIV experiment and
simulation. In Fig. 4, the partial flow fields of the equalizing chamber in-
clude velocity vectors at the location x = 0, −0.23 m b y b −0.14 m,
0.12 m b z b 0.22 m, and velocity magnitude at x = 0, −0.230 m b

y b −0.140 m, z = 0.150 m. In Fig. 5, the partial flow fields of the
Fig. 4.Part equalizing chamber for simulation and PIV at 800m·min−1. (a) Velocity vectors at th
location x= 0, −0.230 m b y b −0.140 m, z = 0.150 m.
slice channel include velocity vectors at x = 0.030 m, −0.23 m b

y b −0.13 m, 1.16 m b z b 1.26 m, and velocity magnitude at x =
0.030 m, −0.230 m b y b −0.130 m, z = 1.200 m. In Figs. 4(a) and
5(a), the left is simulation results and the right is experimental results.
It can be clearly seen that the flow fields for the PIV experiments and
CFD simulations are similar, and the differences of velocity magnitude
between the PIV experiments and CFD simulations are small.

In the LIF experiment, the pulp consistency is measured. The CFD
predictions and experimental values are compared. For convenience,
the water content is also considered as a standard. Figs. 6 and 7 show
the results of the LIF experiment and simulation. Tomake a better com-
parison, the mixing regime of the diluting water and the mainstream is
chosen in the step diffusion tube, as shown in Fig. 6. The change trends
between the CFD predictions and the experimental values are similar;
the consistency is the largest in the injecting site; the consistency
drops gradually as the flow goes on. And the largest difference
for water content happens at 400,800 m·min−1 speed, the second are
for 650 m·min−1 and 1000 m·min−1 speeds, and the least difference
is at 800 m·min−1 speed.

To make further comparison, the water content of the outlet is
shown in Fig. 7 for various speeds respectively. In Fig. 7, “EXP”
e location x=0,−0.23m b y b−0.14m, 0.12m b z b 0.22m. (b)Velocitymagnitude at the



Fig. 5. Part slice channel for simulation and PIV at 800m·min−1. (a) Velocity vectors at the location x=0.030m,−0.23m b y b−0.13m, 1.16m b z b 1.26m. (b) Velocitymagnitude at the
location x= 0.030 m, −0.230 m b y b −0.130 m, z = 1.200 m.
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represents the “experiment”, and “SIM” represents simulation. The
curve of trends for the CFD predictions and the experimental values
were similar. And the largest differences between the experimental
values and the simulation results were 5 × 10−5 for 400 m·min−1

speed, 4 × 10−5 for 1000 m·min−1 speed, 2 × 10−5 for 650 m·min−1

speed, and 1 × 10−5 for 800m·min−1 speed, revealing good agreement
between the CFD predictions and the experimental values.

3. Results and Discussion

3.1. Turbulent kinetic energy, turbulent intensity and turbulent dissipation
rate at (x = 0, y = 0)

When diluted water is injected into the primary stream near the in-
lets, a mixed flow forms. The turbulent kinetic energy at the location
(x = 0, y = 0) is shown in Fig. 8. The peaks appear in places such as
the areas between the thick and thin pipes of the step diffusion tube,
and in particular, the turbulent kinetic energy increases sharply near
the inlets where the diluted water is injected into the main stream,
and the velocities of the diluting water are as twice as that of the main
stream. As the mixed flow enters the thick pipes of the step diffusion
tube, the turbulent kinetic energy begins to dissipate and decline. In
the equalizing chamber, the turbulent kinetic energy of mixed flow be-
comes calm and steady. When the mixed flow enters the turbulence
generator, a gradual decline in the turbulent kinetic energy is observed
due to the gradual change in shape from a circle to a rectangle. Between
the turbulence generator and the slice channel, a small increase in the
turbulent kinetic energy is observed because the cross-sectional dimen-
sions change significantly. For different speeds tested (400, 800, 1200,
and 1600 m·min−1), the trends in the turbulent kinetic energy are
nearly the same. Moreover, the turbulent kinetic energy increases
with speed.

As shown in Fig. 9, the intensity of the turbulence behaves similarly
to the curve for the turbulent kinetic energy. However, the turbulence
dissipation rate is very low, thus lg-scaled y axis is used, as shown in
Fig. 10, where ε represents the turbulence dissipation rate. Except for
the peak associated with the injection of diluted water, the values be-
tween the thick and thin pipes of the step diffusion tube are greater
than those in the other parts, and the turbulence dissipation rate
becomes slightly higher as the speed increases. “lg ε” also behaves
similarly to the curve for the turbulent kinetic energy.

3.2. Turbulence kinetic energy, turbulent intensity and turbulent dissipation
rate at (x = 0, y = 200)

At x=0mmand y=200mm, dilutedwater is not injected into the
main stream near the inlets of the step diffusion tube, but the flow field
is affected by the mixed flow forming at x = 0 mm, y = 0 mm,
z = −550 mm, where the dilution water is injected. The turbulent
kinetic energy at different speeds is shown in Fig. 11, and the peaks in
those locations appear between the thick and thin pipes of the step
diffusion tube. When the mixed flow enters the thick pipes of the step



Fig. 6. Water content of the mixing regime in the step diffusion tube for simulation (left) and LIF (right) in headbox model. (a) 400 m·min−1. (b) 650 m·min−1. (c) 800 m·min−1.
(d) 1000 m·min−1.
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Fig. 7. Water content of the outlet for simulation and PIV in headbox model.
(a) 400 m·min−1. (b) 650 m·min−1. (c) 800 m·min−1. (d) 1000 m·min−1.

Fig. 8. Turbulent kinetic energy with different speeds for x = 0, y = 0.

Fig. 9. Turbulent intensity with different speeds for x = 0, y = 0.

Fig. 10. Turbulent dissipation rate with different speeds for x= 0, y = 0.

Fig. 11. Turbulent kinetic energy with different speeds for x= 0, y = 200.
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Fig. 12. Turbulent intensity with different speeds for x = 0, y = 200.

Fig. 13. Turbulent dissipation rate with different speeds for x = 0, y = 200.

1321X. Yang et al. / Chinese Journal of Chemical Engineering 24 (2016) 1313–1324
diffusion tube, the turbulent kinetic energy begins to dissipate and
decline because of the added flow area. In the equalizing chamber
with larger space, the turbulent kinetic energy of the mixed flow be-
comes calm and steady. When the mixed flow enters the turbulence
generator, a sharp decline in the turbulent kinetic energy is observed.
A small increase in the turbulent kinetic energy is observed between
the turbulence generator and the slice channel because the sectional di-
mension changes significantly. At different speeds tested (400, 800,
1200, and 1600 m·min−1), the trends for the turbulent kinetic energy
are nearly the same. Moreover, the turbulent kinetic energy increases
with the speed. In contrast to that at x = 0 and y = 0, the turbulent
Fig. 14. Velocity vectors of equalizing ch
kinetic energy at x = 0 and y = 200 is lower, because the diluting
water is not injected into the main stream at x = 0 mm and y =
200 mm.

As shown in Fig. 12, the intensity of the turbulence behaves similarly
to the turbulent kinetic energy curve, and unlike that at x=0 and y=0,
the turbulent intensity at x = 0 and y = 200 is lower. The dissipation
rate of the turbulence is low except in the areas between the thick
and thin pipes of the step diffusion tubes, between the turbulence gener-
ator and the slice channel. Turbulent dissipation rate increases with
speed, as shown in Fig. 13. Compare to that at x = 0 and y = 0, the
turbulent dissipation rate at x=0, y=200 is lower. In order to compare
the turbulence dissipation rates at different speeds, log-scaled y axis is
also used.
3.3. Velocity vector distribution (yz plain)

Based on the velocity vectors shown in Fig. 14, stronger swirls are
observed in the equalizing chamber and the front part of the slice chan-
nel relative to other places in the XY plane. In the equalizing chamber,
swirls of different sizes keep the pulp suspended and mixed uniformly
for longer periods. Furthermore, because of the multiple branch pipes
present in the equalizing chamber and slice channel, backflow is clearly
observed and marked with the three ellipse circle. A mixed transitional
period is observed in the slice channel due to additional swirls derived
from the injection flow.
3.4. Consistency, turbulent kinetic energy, turbulence intensity and
turbulence dissipation rate in y direction

As shown in Fig. 15, x = 0 and z = −50 mm is near the site adding
dilution water. The water content at the middle tube is much higher
than that in any of the other step diffusion tubes due to added dilution
water. As the pulp suspensions proceed, the differences in the water
content continuously decrease because of fluid mixing. At x = 0 and
z = 900 mm and x = 0 and z = 1000 mm the water content curves
are similar. Consequently, the flow pattern becomes increasingly more
stable before leaving the headbox. Turbulent kinetic energy, turbulence
intensity and turbulence dissipation rate decrease continuously from
x=0 and z=−50 mm to x=0 and z=1000mm due to the diffusion
of the species. Their fluctuations also decrease continuously, and at
the central site in particular, the change is distinct, as shown in Figs. 16,
17 and 18.
amber and slice channel (yz plain).



Fig. 16. Turbulence kinetic energy in different z location (x = 0).

Fig. 17. Turbulence intensity in different z location (x = 0).

Fig. 18. Turbulent dissipation rate in different z location (x = 0).

Fig. 15.Water content in different z location (x = 0).
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3.5. Consistency of outlet

The main stream is injected with the dilution water at the central
step diffusion tube of the headbox, and the water content of the
outlet varies with the speed. The relationship between the speed and
water content of the outlet is shown in Fig. 19. At 800 m·min−1, the
water content at the center of the outlet is the highest, followed by
that at 1200 m·min−1. The difference in water content between
400m·min−1 and 1600m·min−1 is small. The two distribution curves
are flatter than the curves for 800 and 1200 m·min−1. Therefore, the
water content does not increase with the speed.
Fig. 19. Water content of outlet in y direction.
To clarify the functional relationship between the speed and water
content at the outlet, the following reasoning is applied.

For abscissa value x (outlet) and ordinate value (water content) y,
according to Fig. 19,

ln y ¼ Y ð14Þ

x2 ¼ X ð15Þ

X and Y are linearly fitted with a new equation

Y ¼ bX þ C ð16Þ

Let C=lna in Eq. (16), and substituting the values of X and Y indicat-
ed by Eq. (16) into Eqs. (14) and (15), we have

ln y ¼ bx2 þ ln a

Defining

1ffiffiffiffiffiffi
2π

p
σ

¼ a ð17Þ

−
1

2σ2 ¼ b ð18Þ

we obtain

y ¼ 1ffiffiffiffiffiffi
2π

p
σ
e−

x2

2σ2 ð19Þ
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Therefore, the distribution of the water content at the outlet of the
slice lip is ideally normal at different speeds. According to the normal
distribution, the corresponding probability statistics are as follows.

P μ−3σ ≤ x ≤ μ þ 3σð Þ ¼ 99:7% ð20Þ

As shown in Fig. 19, the center of the abscissa value is 0, μ=0. Then
the probability statistics are altered to

P −3σ ≤ x ≤ 3σð Þ ¼ 99:7%

According to the probability statistics, the effect on the effective
concentration scale is ±3σ. The effect can be derived from Eq. (19)
as follows: at the speed of 800 m·min−1, σ = 0.0407 m; at
1000 m·min−1, σ = 0.0422 m; at 1200 m·min−1, σ = 0.0488 m; at
1600 m·min−1, σ = 0.0570 m; at 400 m·min−1, σ = 0.0571 m.

The value of σ represents the part of flow field affected by effective
concentration range. Thus for all the speeds, ∣ ± 3σ ∣ b 235 is to be
attained, which does not exceed the width of the computation model.

For the headbox model studied, the profiles are related only to σ
value. The σ values at 400 and 1600 m·min−1 are very close, so the
profiles at 400 and 1600 m·min−1 are basically the same. The σ value
at 800 m·min−1 is the smallest among different speeds, while the
water content is the highest, which will keep better consistency distri-
bution in the water dilution controlling system, and ensure the design
and scale-up of a new efficient headbox. Furthermore, for the
medium-high speed headbox model, better consistency distribution
cannot be achieved when the speed is very high or very small. The
sizes and the structure of the headbox model are most appropriate for
800 m·min−1.

4. Conclusions

In this study, a scale model of an industrial headbox is derived to pre-
dict the water content distribution, turbulent kinetic energy, turbulence
intensity, and turbulence dissipation rate of pulp suspension passing
through the flowfield. The proposed headboxmodel is solved using stan-
dard k-ε turbulence models with the diffusion in turbulent flows species
transport approach. The model accurately predicts the experimentally
flow characteristics of a pulp suspension with diluted water added.

Themodel indicates that the turbulent kinetic energy, turbulence in-
tensity, and turbulence dissipation rate at x = 0, y = 0 and x = 0, y =
200 increase with the flow speed. The equalizing chamber and the
front of the slice channel maintained uniform distribution of pulp
suspension. In the cross direction, as the flow moves forward, the
difference in the water content decreases continuously, whereas
the turbulent kinetic energy, turbulence intensity, and turbulence dissi-
pation ratemaintain stable. Thewater content at the outlet has a normal
function distribution across the width of the cross direction. Further-
more, the distribution characteristic depends primarily on the structure
of the headbox and the speed of flow.

Nomenclature
ac optical constant in measurement of consistency
α i volume fraction of phase i
cρ specific heat coefficient, J·(kg·°C)−1

C consistency
C1ε constant
C2ε constant
Cμ constant
Di,m mass diffusion coefficient for species i in themixture, kg·m−2

DT,i thermal (Soret) diffusion coefficient, m2·s−1

Ei energy transfer due to conduction, J·(kg·s)−1

E0 laser excitation power, J·(kg·s)−1

F fluorescence intensity
F body force, N
Gb generation of turbulent kinetic energy due to buoyancy,
kg·m−1·s−3

Gk generation of turbulent kinetic energy due to mean velocity
gradients, kg·m−1·s−3

g gravitational acceleration, m·s−2

hi enthalpy for phase i, J·mol−1

i phase number
Ji mass diffusion in turbulent flows, kg·m−2

K thermal conductivity, kJ·(mh·°C)−1

k turbulence kinetic energy, m2·s−2

keff effective conductivity
p pressure, Pa
q transport of enthalpy, kJ
Ri net rate of production of species i, kg·m−3·s−1

Sct turbulent Schmidt number, with default value of 0.7
Si rate of creation of species i with the addition of dispersed

phase plus any user-defined sources, kg·m−3·s−1

sE other volumetric heat sources, J·m−3·s−2

Sk user-defined source terms for k, kg·m−1·s−3

Sε user-defined source terms for ε, kg·m−1·s−4

T temperature, K
ui instantaneous velocity, m·s−1

v diffusion velocity of the species, m·s−1

vdr,i drift velocity for secondary phase i, m·s−1

vi velocity of phase i, m·s−1

vm mass-averaged velocity, m·s−1

Yi local mass fraction of species i
YM contribution of fluctuating dilatation in compressible turbu-

lence to the overall dissipation rate, kg·m−1·s−3

ε turbulent dissipation rate, m2·s−3

μ i viscosity of phase i, kg·(m·s)−1

μ t turbulence viscosity, kg·(m·s)−1

μm viscosity of the mixture, kg·(m·s)−1

ρ density of species, kg·m−3

ρi density of phase i, kg·m−3

ρm density of mixture, kg·m−3

σk turbulent Prandtl numbers for k
σε turbulent Prandtl numbers for ε
Subscripts
I abscissa

J ordinate
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