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Abstract

A way to improve product performance of tissue grade paper products is to replace the press
section with a Through Air Drying (TAD) section which is a technique where paper sheets are
moulded into a structured fabric by vacuum boxes and transferred over one or more TAD
cylinders with steam heated displacement drying. The process of sheet molding is modelled with
Comsol Multiphysics where the computational model is setup with a 2-dimensional
representation of the paper sheet. The tissue sample with randomly distributed fibre positions is
generated using a MATLAB script written in the Livelink interface with Comsol. The process is
simulated with the Moisture Flow multiphysics interface. The comprising physical modules are
the Laminar Flow and the Moisture Transport in Air modules. Respectively, these modules
calculate the velocity and pressure field of the moist air as well as the relative humidity, which
is a rewrite of the concentration of water in air. The fibres in the sheet are modelled as porous
media where the fibres contain both moist air and liquid water in equilibrium. In this paper, a
basis weight at roughly 20 g/m? is simulated and compared to laboratory data. The aim of the
model is to estimate solid content in the paper sheet over vacuum time as well as energy demand

and required airflow through the structure.
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Introduction

Water removal during paper and board
manufacturing is an energy intensive process. The
dewatering  process in paper and board
manufacturing generally consists of four stages with
progressively high energy demand [1, 2]. The first
stage comprises water removal with gravity or
centrifugal forces where water escapes without
additional energy input and then with help of static
elements in the geometry of the paper machine,
followed by low and high vacuum pressure. In the
second stage of vacuum exposure, where higher
levels of vacuum pressure are applied through
suction boxes [2-8]. Most of the suspended water is
removed during gravitational and vacuum
dewatering [9]. The third stage is performed in the
press section by compressing the paper in one or
more press nips [10]. The last stage, which far
exceeds the other stages in energy demand, is
comprised by thermal drying where remaining water
in fibres are evaporated on steam-heated cylinders
[9, 11]. Hence, improving the mechanical
dewatering processes prior to the thermal stage could
reduce major production cost.

A number of researchers have studied vacuum
dewatering  experimentally  using laboratory
equipment as well using pilot scale machines [2-8,
12-21]. Process parameters that influence sheet
dryness such as applied vacuum, dwell time and
basis weight have been analysed.[4, 6, 13, 22-25]

These studies show that a prolonged dwell time
would increase dryness to a certain level. To reach a
higher dryness level, increased vacuum pressure is
necessary.

Numerous researchers have conducted theoretical
and numerical analysis on various aspects on
vacuum dewatering such as single-flow mechanics
in fibrous porous media where permeation through
compressible fiber beds, permeability in various
representative fiber structures were studied as well
as penetrated air volume calculated and compared to
experimental data [26-30]. Some attempts on
simulating the two-phase flow behavior during the
early stage of dewatering of the unbound water
where progression on estimating the dwell time and
dry content with varying pressure pulses has been
conducted in [16, 31, 32]. While there are
improvements that need to me made on the
estimation of the dewatering rate, the penetrated air
volume showed excellent agreement with
experimental data.

Fluid inertia as well as spatial heterogeneity has been
studied for moderate Reynolds number in various
fiber arrangements by [33-37]. Moreover, the
influence on the permeability based on sample size,
boundary conditions, homogeneity and isotropy
were studied. The relations are used to predict
permeability for various fiber arrangements and
porosity levels.
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A way to improve product performance of tissue
grade paper products is to replace the press section
with a Through Air Drying (TAD) section which is
a technique where paper sheets are moulded into a
structured fabric by vacuum boxes and transferred
over one or more TAD cylinders with steam heated
displacement drying (Tysén 2018, Tysén et al. 2015;
2018). Much like conventional papermaking
machines, where the Yankee cylinder is the most
energy requiring step, the TAD cylinders have by far
the highest energy demand. Hence, improving the
drying rate in the molding process is necessary from
an energy demand standpoint. The process of sheet
molding is modelled with Comsol Multiphysics
where the computational model is setup with a 2-
dimensional representation of the paper sheet. The
tissue sample with randomly distributed fibre
positions is generated using a MATLAB script
written in the Livelink interface with Comsol. The
process is simulated with the Moisture Flow
multiphysics interface. The comprising physical
modules are the Laminar Flow and the Moisture
Transport in Air modules. The purpose of this paper
is to gain a better understanding of driving as well as
limiting mechanisms of moisture transport in porous
media concept of TAD molding system. The aim is
to develop a first draft of a computational model that
can simulate the change in solid content

Theory / Numerical Set Up

Wood fibres for papermaking and paper sheets are
both hygroscopic materials and, as such, contain
bound water within the sheet network structure and
within fibre walls. The network of fibres in a sheet
as well as the fibres themselves can be viewed as
porous media and understanding the physics and
characteristics of fluid transport is key in
numerically assessing water removal rate. Physical
effects such as fluid flow and transport of fluids in
different phases is considered. Heat transfer is
excluded from these simulations at this stage as
evaporative cooling is assumed to have neglectable
effects on the drying process.

Computational domain

The computational model is setup with a 2-
dimensional representation of the paper sheet. The
tissue sample with randomly distributed fibre
positions is generated using a MATLAB script
written in the Livelink interface with Comsol. The
script creates fibres and randomly position them
throughout the domain, which represents the paper,
see Fig. 1. The code can be set to create fibres
comprising of various basis weights and paper sheet
porosities. In this paper, a sheet comprising of a basis
weight at 18 g/m? and a porosity at approximately
0.7 were simulated and analysed. Ten different
structures were created in the Livelink Matlab script.

Figure 1. 2-dimensional representationJof paper sheet
model in Comsol. The upper SEM image is from the study
[20].

The basis weight (g/m?) is a standard measurement
in paper manufacturing and it represent the weight of
the paper in relation to a standard size. More
specifically, it is the ratio between the mass of dry
substance and the surface area of the sample.

BW =~ 1)
Where p, coarseness or length density (kg/m) of a
fibre, N is the number of fibres, whereas S (m) is the
height of the sample.

Modelling continua in porous media

Porous materials such as networks of wood fibres
has a complex solid structure and is highly
discontinues from a continuum theory perspective,
see Fig. (2). This is resolved by viewing the
modelled structure as a porous media in several
layers, that is, the wood fibres are interpreted as a
mixture of different materials (solids and fluids) with
measurable quantities in a macroscopic field.

Figure 2. A 2-dimensional schematic representation of the
structure of a single wood fibre and, on smaller scales,
bundles of microfibrils.

Governing Equations / Numerical Model

At the start of the simulation process, the fibres are
saturated with water, although surrounded by moist
air. As air flows through the paper sheet, the fibres
are dried due to moisture mitigation from the core of
the fibre to the surface through convection and
capillary forces. At the surface, water is evaporated
though forced convection and vapour diffusion. The
process is simulated with the Moisture Flow
Multiphysics interface. The comprising physical
modules are the Laminar Flow and the Moisture
Transport in Air modules.
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Pore space in the paper model

The penetrating airflow is modelled with the
continuity and Navier stokes equations in COMSOL
Multiphysics 6.1, see Egs. (2) and (3),
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where 7;; is the deviatoric stress tensor which
includes the bulk viscosity due to compressibility in
the air, see Eq. (4).
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Turbulence modelling was excluded from the
simulations due to small length scales in the order of
10e® m and, hence, leading to low Reynolds
numbers.

The moisture transport in the air is described with a
modified advection diffusion model shown in Eq.

(),
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where M, (kg/mol) is the molar mass of water
vapour, D, (m?s) is the vapor diffusion in air
coefficient and G (kg/m?3s) is the moisture source or
sink term. The concertation term in in Eq. (5) is
related to the relative humidity with the vapor
saturation concentration.

C = QyCsat (6)

Porous media modelling in wood fibre

The wood fibres are typically hygroscopic materials
and, as such, should be modelled as a porous media.
The fibres contain two phases in equilibrium, which
is the liquid water and the moist air. The driving
force for transportation of each phase is vapor
diffusion and convection in air, as well as capillary
flow and convection for water. Assuming that the
inertial forces in the fibres are neglectable, Darcy’s
correction model is used to relate pressure gradients
to the volume averaged superficial velocity

Kij 0
O ™

where x;; (m?) is permeability coefficient and u
(Pa-s) is the dynamic viscosity. The permeability is
typically decomposed into intrinsic permeability and
relative permeability for multiphase flow in porous
media according to [38]. The intrinsic parameter
represents the permeability of liquid or gas in an
entirely saturated state, i.e. the pores in the fibre

contain the maximum amount of water. The relative
permeability varies between zero and one for each
phase depending on the water content within the
fibre walls. The total permeability is, hence, the
product of the intrinsic and relative permeability.

k, =k, k
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The equations that describe the relative permeability
for each phase are described in Eg. (9) and (10). [38]
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The intrinsic permeability for wood fibres are used
from [38].

Fluid transport in and between wood fibres is
described with the following equation

ow (¢y) dwy , dgw 9p; |, 0gic _
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(11)

where g,, (kg/(m-s)), see Eq. (12), is the vapor
transport in the gaseous phase in the wood fibre. As
the Millington and Quirk equation is used calculate
the effective diffusivity in see Eq. (12). The capillary
flux term g, (kg/(m-s)), see Eq. (13), is described as
the relative humidity gradient of the moisture
content and an added diffusivity term D,, (m?/s), see
Eq. (14). [38] The moisture content, W (¢,), is a
function of the relative humidity, see Eqg. (15).

Iw = _pgDeffZ_(:;i (12)

Gie = =D, P52 (13)
(i)

D, =1-1078¢\ ~~ (-enley (14)

W(p) =& (s + pgwg(1—s)) (1)

The liquid saturation, s;, is a dimensionless
parameter and it describes the amount of water left
within the pores, ¢, is the porosity of the wood fibres
and wy is vapour mass fraction.

Model simplifications
Some of the major assumptions this model relies on
is:
e Aligned fibre positions due to 2-
dimensional representation of the paper
sheet
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e The forming and deformation of the fibre
web during the TAD molding process is
excluded

e  Zero unbound water remaining in the paper
sheet model.

Initial and boundary conditions

Initially, the fibres are saturated with water and the
pore structure of the paper sheet contains air. The
boundary conditions of the 2-dimensional
representation is presented in Fig. (3)

Inlet

- Hygroscopic
Moist air Porous Medium
b bl
Symmetry
Outlet

Figure 3. The properties of the computational domain
and boundary conditions.

Pressure was applied at the inlet and outlet boundary
in which the vacuum level was set at 30 kPa at the
outlet and reference pressure at 0 Pa was set at the
inlet. Symmetry was set at the vertical boundaries as
the fibre structure of the domain which was
considered characteristic. Key input parameters for
the simulation model are presented in Table (1).

Table 1: Key input data to the simulation model

Parameter data Size
Permeability 4.8e® [m?]
Porosity 0.55[-]

2.6e° [m?/s]
-30 [kPa]
1340 [kg/m?]

Vapor-air diffusion
Vacuum pressure
Density fibre

Mesh setup and solver settings

An unstructured mesh grid containing triangle
elements was created for the paper models, see Fig.
(4). The grid is solved in a finite element space where
a set of basis functions are used to create piecewise
linear relations between the mesh elements and
convert them to weak formulations for them to be
solved. Moreover, geometrical features such as the

diameter of a single fibre as well as typical gap
distance between adjacent fibres.

A direct linear system solver was used coupled with
an implicit second order backward differentiation
formula (BDF) solver. The direct solver is called
PARDISO which handles sparse linear systems
using LU factorization to compute a solution. More
information on the solver is found in COMSOL
documentation. The BDF solver performs time
stepping using a backward differentiation with a
maximum order of accuracy of 2, which is the degree
of the interpolating polynomial.

a ¥4 YaVa ; S b i A e e, S |
Figure 4. Grid resolution and geometrical properties of
the paper sheet model.

Results and Discussion

The results are comprised by presenting the solid
content of the fibre web over time. Fig. (5) presents
four snapshots of the solid content at times 0, 5, 10
and 20 ms. Local variations of the solid content are
observed at 20 ms which is a result of adjacent fibres
blocking the airflow and hence, reducing the
influence of convective mass transport. Considering
that the fibre web is viewed in two dimensions, the
air blockage should be overrepresented and thus,
causing larger variations of the airflow. This notion
is supported in [33] which concluded that flow
resistance in the isotropic fibre arrangement in space
is lower than the in-plane isotropic orientation and
disordered unidirectional fibre arrangements at
creeping flow conditions for low to moderate
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Figure 5. Colour plot representing solid content in in the
fibre structure

The averaged solid content for the entire fibre web
is presented in Fig. (5)
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Figure 6. Solid content comparison to laboratory trials
performed by [20]

The solid content from the simulation model is
compared to lab-scale data from [20], for early TAD
molding the simulation model show great coherence
with the laboratory results. After some time, the
laboratory results deviate from the linear behaviour
and display diminishing returns. A few additions
need to be added to the models to capture the
diminishing returns. In a first approach to establish a
numerical model of the TAD molding process, the
influence of web deformation was excluded which
eliminates both compressibility of the sheet which
leads to decreasing permeability and also the
rewetting phenomena, which are important factors to
consider for a comprehensive model [39, 40]. The
TAD fabric is likewise excluded from the
simulations. According to [12] machine clothing
such as forming fabrics affects the dewatering rate
and magnitude through three main parameters, fabric
caliper, void volume and air permeability. Similar
dependence on the process is assumed to be
influenced by TAD fabrics. Adding some of these to
the numerical models, it is hypothesized to better
simulate both laboratory and pilot scale results.

Conclusions

The first draft of the simulation model shows
promising results in terms estimating average solid
content over dwell time. At least that is the case up
until roughly 15 ms. Based in laboratory results, the
solid content rate seems to converge to an upper limit
value, which is not the case for the simulation model.
Hence, experiments indicate that there is a physical
limit on the dewatering rate. The surface moisture
vaporization needs to by analysed further as theory
suggest that there should be an increased resistance
to surface vaporization as the moisture level
decreases in the porous media. However, since the
dryness levels during the TAD molding process
ranges about 5-6% from start to finish, it should have
a neglectable affect as there is still a lot of bound
water in the fibre. Other limiting factors that are not
considered at the moment are:

e Including the TAD wire which add
blockage to the airflow as well as absorbs
water from the fibres

¢ Analysing the TAD molding process in a 3-
dimensional space which should have an
overall reduction in blockage due to an
added dimension where the flow can travel.

e Including the deformation of the fibre web
during the molding process. Perhaps the
poroelastic physics interface could be
utilized to analyse both the deformation of
the fibre web as the fluid transport of the
porous media simultaneously.
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