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Abstract. This paper describes the construction of a computational fluid dynamics (CFD) code for the phys-
ical structure of a pulping reactor and prediction of the continuous chemical reactions inside the digester.
Models of chemical interactions between the wood chips and liquor flow in a pulping digester were de-
signed using the finite volume method (FVM) in FLUENT. The quality of the produced pulp was computed
throughout the reactor from the top inlet to the bottom outlet by modeling the Kappa number, a dimensionless
parameter that describes lignin content. A conjugated mass transfer and porous media model was tested for
its usefulness in avoiding the effect of granular instability and divergence on the chemical reaction model.
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1 Introduction

The digester is the site of one of the major chemical processes in a pulp mill. Two flows feed into the
digester. Depending on whether they are being considered physically or chemically, they are treated either
as phases according to their physical state, i.e. solid or liquid or as chemical substances. Researchers have
investigated various aspects of the pulp production unit, such as the structural design, flow regimes, chemical
reactions, modeling, optimization and motion of fibers in the digester. Chemical reactions in the digester
are performed either continuously or batchwise. The Korsnas digester is a continuous digester, meaning that
progress through it is regular and uninterrupted. The digester is essentially a large vertical tank in which wood
chips move downward.

Woods used in the digester are classified as either hardwoods or softwoods. Hardwoods generally come
from broad-leaved deciduous trees from temperate regions, and are porous, i.e. they contain vessel elements.
These vessels form an efficient system for transporting water (and essential minerals) from the root to the
leaves and other parts of the living tree. Softwood trees are mostly evergreens, nonporous and do not contain
vessels. The terms hardwood and softwood do not directly relate to the hardness or softness of the wood.
The constituents of wood vary with wood type, but may also vary within a particular wood type. The wood
species cannot generally be determined by chemical analysis because its composition depends on factors such
as geographic location, soil and weather conditions, and location of the wood within the tree. Typically, wood
is made up of 40 to 50% cellulose, 20 to 30% hemicellulose, 20 to 30% lignin and 10% other substances.
These other substances include organic compounds such as terpenes, lipids, resin, starch, and protein. Tab. 1
shows typical compositions of wood from three species of tree.

In the digester, wood chips are cooked at around 160 ºC. This process dissolves the lignin which binds
the cellulose and hemicellulose together and releases the fibers, which have many industrial applications. The
wood chips cannot be cooked until they are free of lignin without adversely affecting the yield and strength of
the resulting pulp[9].
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Table 1. Composition of wood from three tree species[? ]

Spruce Pine Birch
Cellulose 42 41 41
Hemicellulose 28 28 34
Lignin 27 27 21
Extractives 3 4 4

The liquor is heated in one or more circulation stages by screens and heat exchangers.
The dominant chemical pulping process in Korsnas is called the sulphate or Kraft process. This uses

alkaline cooking liquor with a pH of around 14. This solution is composed of sodium hydroxide (NaOH),
sodium sulfide (Na2S), sodium carbonate (Na2CO3), and sodium sulphate (Na2SO4). The composition of
the solution is varied depending on the operating conditions and the nature of the wood chips.

Wood is a porous material. Between 60 and 70% of its volume is occupied by air, resulting in its char-
acteristically low density. The permeability of wood is defined as the flow of liquids through the wood under
an applied pressure. This permeability varies due to the highly anisotropic shape and arrangement of the
component cells and the variable microscopic channels between cells[4].

The permeability parallel to the grain is 50 to 100 times greater than the permeability perpendicular to
the grain[21].

It is difficult to determine the orientation of the wood chips with respect to their grain as they move down
through the reactor.

Wood is essentially composed of lignin, cellulose, hemicellulose and minor components that are collec-
tively called extractives. Lignin is an amorphous, insoluble organic polymer and is very difficult to isolate in a
natural state. Molecular weights of isolated lignin polymers range from the low thousands to around 50,000.

Lignin polymers are made up of different monomers of varying molecular weights.
Cellulose. Cellulose is the main component of the wood cell wall, and typically makes up 40 to 50% of

the dry wood by weight. Pure cellulose is a polymer of glucose residues joined by 1, 4 -β- glucosidic bonds.
The degree of polymerization (DP) is variable and may range from 700 to 10,000 or more.

Hemicellulose is a mixture of amorphous branched-chain polysaccharides made up of several hundred
sugar residues. Hemicelluloses contain many different sugar monomers. These include xylose, mannose,
galactose, rhamnose, and arabinose. Hemicellulose contains mostly D-pentose sugars, and may occasionally
contain small amounts of L-sugars.

Extractives and Ash: The amount of extractives in wood varies from 5 to 20% by weight and includes a
wide variety of organic chemicals[19]. The ash content is 0.2 to 0.5% by weight for temperate woods and 0.5
to 2.0% by weight for tropical woods.

Kappa number. The Kappa number is a dimensionless quantity that is used as a measure of the lignin
content of the wood pulp. It is defined as the mass fraction of lignin × 100/0.15).

A large Kappa number indicates high lignin content.
The aim of the pulping chemical reaction is to remove as much of the lignin as possible from the wood.

Considerable effort has been expended to predict and manage the chemical reactions of the digester. Vroom
[22] modeled the H-factor, and Smith and Williams followed by producing the Purdue model, an approximated
digester model consisting of a number of continuous stirred tank reactors (CSTRs), which accounted for the
kinetics of the reaction[20]. Since then, these models have been developed and modified by others. Johansson
[8] solved a combination of the mass transfer and reaction kinetics of the differential equations in a wood chip
during the cooking process.

Johansson assumed that the diffusivity in wood was a function of temperature. However, Hartler and
Onisko [7] showed that the diffusivity in wood also depends on the pH.

Johansson used a single equation for three reaction stages. Gustafson et al. [5] improved Johansson’s
model and used three kinetic equations for the three stages. They expressed the diffusivity as a function of
temperature, pH and yield.
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Christensen et al. [1] began with a modified Purdue model and incorporated a number of simplifications.
They developed the kinetic model for several soft and hard woods. Plug flow was assumed to occur for both
wood chips and the liquor.

Harkonen [6] derived a multiphase flow model to describe the internal pressures, temperatures and veloc-
ities of the phases using mass, momentum, and energy differential equations. This model applied the porous
model to describe the solid phase.

Pu [17] continued the Gustafson project and proposed equations for the degradation of cellulose and
hemicellulose.

Natercia et al. [13] ran a steady state operation of a continuous digester with an isothermal cook circula-
tion (ITC) and simulated two phases of a heterogeneous digester with a model that adopted 15 state variables
at each axial position of the digester. This model was able to account for the solid content including both
organic and inorganic materials. It adopted an isothermal condition for the reaction.

Michelsen and Foss [11] combined the approaches of Harkonen and Christensen to make a more detailed
digester model. They modeled the mass flow together with the reaction kinetics for a continuous steam-liquor
digester. By solving for compaction and velocity of the chip plug, they attempted to provide a tool to control
delignification.

In subsequent work, Michelsen and Foss [12] attempted to create a model to explain the complex behavior
of the digester, particularly the interaction between the reaction kinetics and the residence time. Kayihan et
al. [10] modeled a two-zone digester, i.e. a mixing zone where impregnation takes place, and a reaction zone.
Partial differential equations were solved for each zone. It was assumed that the solid and liquid phases were
in thermal equilibrium. The adopted kinetic model was the same as the Christensen model.

Wisnewski et al. [23] also extended the Purdue model, approximating the digester as a series of CSTRs,
with each CSTR consisting of three phases. This extended model reduced the number of assumptions made
in the Purdue model by defining the solid concentrations on a mass per chip volume basis, defining the com-
paction as the volume fraction of the CSTRs and the porosity as volume fractions of the wood chips. Chip
porosity and liquor density were also defined in this model.

Pougatch and Salcudean [16] implemented a solid tangential stress sub-model which was developed for
the digester. The advantage of this sub-model was that the solid phase behavior reproduced the plug flow of
the chips and eliminated the adopted non-physical assumptions of the Newtonian approach.

Quak and Benington [18] modeled a single phase liquor flow in a batch laboratory digester using CFD.
Olson [14] studied the fibers motion in a turbulent flow. Dong [3] simulated the fibers flow using LES (large
eddy simulation).

Pingle et al. [15] investigated the pulp suspension in the circular pipes. Xie et al. [24] and Cui et al. [2]
considered three phases, i.e. gas, liquid and solid, in their examination of the pulp suspension.

In this paper we extend this work by considering factors such as chip quality, variation in the concentra-
tion of active ions, and energy balance to describe the temperature distribution in the digester, and by tuning
the model against data from the real plant. This should allow us to consider the effect of reactor geometry,
such as the conical side walls on the flow fields and reaction kinetics.

2 Theoretical set up

2.1 Mass percentage of fibers in the wood

Pine wood contains about 41% hemicellulose and 28% cellulose by weight. The total fiber content of
pine wood is therefore about 70%.

2.1.1 Governing equations

Continuity: steady form[25]

∇(ρm~vm) = 0. (1)
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Drag Force The drag force between the continuous and the dispersed phases is defined as

FDc = Kdc

[
Ũd − Ũc −

(
αdÚd

αd
− αcÚc

αc

)]
. (2)

However, in these simulations the inertial drag force is imposed by the pore walls on the fluid.
Inertial resistance

−cρ

2
|~v|~v. (3)

This term is added to the right side of the momentum conservation equation of the phases in the model.
However C is not constant throughout the domain because of the anisotropic character of the adopted porous
media.

Superficial velocity

~vsuperficial = γ~vphysical, (4)

where γ is defined as the ratio of the volume occupied by the fluid to the total volume.
Volume fractions The phases in the Euler-Euler multiphase are treated as interpenetrating continua. Trans-

fusion of the phases into each other incorporates the concept of volume fractions, which represent the space
occupied by each phase. The volume fraction of phase q, Vq, is defined by

Vq =
∫

V
αqdV, (5)

where
∑n

q=1 αq = 1.
Conservation of mass (steady form) The continuity equation for phase q. As the flows reside in a porous

media, a superficial velocity can be assigned, and the conservation equation of mass for a phase is:

∇.(αqρq~vq) =
n∑

p=1

(ṁpq − ṁqp) + Sq. (6)

2.1.2 Conservation of energy (steady form)

In order to describe the conservation of energy in Eulerian multiphase applications, a separate enthalpy
equation can be written for each phase.

∇.(αqρq~uqhq) = α. (7)

Reduced conservation of momentum (laminar & steady state) for a fluid phase q in a porous media is
written as

∇.(αqρq~vp~vq) = −αq∇p + αqρq~g − αq
cρ

2
|~v|~v +

n∑
p=1

(Kpq(~vp − ~vq) + ṁpq~vpq − ṁqp~vqp). (8)

The material density ratio is defined as

γ =
ρDispersed phase

ρcarrier phase
. (9)

Average distance between the individual particles and particle loading

L

dd
=
(

π

6
1 + k

k

) 1
3

, (10)

k =
β

γ
. (11)
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Mass transfer

ṁpq = max[o.λpq]−max[o, λpq]. (12)

Fick’s law

J = ID
∂ϕ

∂x
. (13)

Diffusive mass flux (mass transfer rate)

~Ji = IρDi,m∇γi. (14)

The continuity equation (steady form) for 2D axisymmetric geometries (mass conservation equation)

∂

∂x
(ρvx) +

∂

∂r
(ρvr) +

ρvr

r
= Sm. (15)

Axial Momentum conservation equation for 2D axisymmetric geometries (steady form)

1
r

∂

∂x
(rρvxvr) +

1
r

∂

∂r
(rρvxvr) = −∂p

∂r
+

1
r

∂

∂x

[
rµ

(
2
∂vx

∂x
− 2

3
∇.~v

)]
+

1
r

∂

∂r

[
rµ

(
∂vx

∂r
+

∂vr

∂x

)]
.

(16)

Reduced radial Momentum equation (steady form)

1
r

∂

∂x
(rρvxvr) +

1
r

∂

∂r
(rρvrvr) =

∂p

∂r
+

1
r

∂

∂x

[
rµ

(
∂vr

∂x
+

∂vx

∂r

)]
+

1
r

∂

∂r

[
rµ

(
2
∂vr

∂r
− 2

3
∇.~v

)]
− 2µ

vr

r2
+

2
3

µ

r
(∇.~v). (17)

3 Modeling set up

The pulping production process is a continuous chemical interaction between a bulk phase (black/white
liquor) and a dispersed phase (wood chips).
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as follows. A constant value is defined for the 
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can be established. Our model contains 
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Fig. 1. The pulping digester

A number of simulations were performed to examine and compute the diffusivity and mass transfer rate
of the pulping reaction.
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The process of the pulping chemical reaction and production has many features and therefore several
modeling approaches may be used to express different aspects of the production.

The mass diffusivity was used as the adjustment variable to obtain a suitable Kappa number distribution
when simulating the reaction.

There are two approaches for the numerical calculation of multiphase flows: the Euler-Lagrange approach
and the Euler-Euler approach.

3.1 Euler-lagrange approach

The Euler-Lagrange approach is a combination of the Euler approach, which solves the Navier stokes
equation for the continuous phase and the Lagrange formulation, which tracks the motion of the separate
particles of the dispersed phase in the continuous phase. The fluid phase is considered as a continuum. The
dispersed phase material may be made up of solid particles, liquid droplets or bubbles. The Lagrange formu-
lation calculates the trajectory of the dispersed phase at intervals in the continuum.

This method is applicable in cases where the volume fraction of the dispersed phase is below 10%.
It is permissible to use heavy particles with high densities, which can lead to the dispersed phase having
higher mass flow rates than the fluid phase. The Lagrange dispersed phase approach ignores particle-particle
interactions and the effect of the particle volume fraction on the fluid phase.

3.2 Euler-euler approach

This method is not able to track individual particles of the solid phase because it treats the solid particles
as a continuous phase. This is the major assumption of this model, which despite the different physical states
of the phases, treats them both as continua.

Both the bulk flow and the dynamic properties of the dispersed particles in the multiphase flow are
predicted by the Euler formulation. The phases are not totally separated but transfuse into each other. The
volume fraction therefore has a continuous characteristic. There are three different Euler-Euler multiphase
approaches: the volume of fluid (VOF) model, the mixture model, and the Eulerian model.

3.3 The eulerian model

Prediction of the multiphase flow behavior with the Eulerian scheme is more complicated than with
the other multiphase approaches. This is partly due to additional equations applied in the model and the
characteristics of the phases. The phases are treated according to their physical states and the treatment may
vary in complexity. The Eulerian model solves the conservation equations for each phase. Interactions between
phases are taken into account by calculating the pressure and the inter-phase exchange coefficients Kpq and
Kls.

3.4 Limitations of the eulerian model

Convergence is the major disadvantage when using the Euler-Euler multiphase flow. The Eulerian model
treats the phases as a continuum, meaning that solid particles or bubbles are not treated as dispersed particles.
The conservation equations are solved for each phase but a single pressure applies for all the phases.

3.5 Comparison of models

Applying the mixture or Eulerian model essentially depends on the characteristics, application, require-
ments and our knowledge of the system of the multiphase problem. The Eulerian model is clearly more
complicated than the mixture model. However despite its computational advantages, the mixture model is not
always preferred in its place. For example, if the properties of the inter-phase are known, the Eulerian model
is recommended because it can be much more accurate. In most other cases the mixture model is adequate and
easier to converge. The Eulerian model is complicated and the calculations may not be stable. This reduces
the accuracy of the results.
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3.6 Structural properties of the digester

The digester is 60 m high and has a diameter of 6 m at the entrance which increases stepwise down the
digester to 7 m at the bottom. A large annular pipe hangs inside the digester. This pipe is connected to the
outlet pipes of the circulation loops in C8 (wash zone circulation from the lower section), MCC (in the middle
section) and ITC (the upper section). The flows recirculate back into the digester separately at three different
levels. The central pipe comprises of three concentric pipes. The innermost pipe is the longest and recirculates
from C8 into the digester. The diameters of the C8, ITC and MCC inlets are 0.21 m, 0.3 m and 0.425 m
respectively. However, the effective diameters of the two outer pipes are reduced because they encircle the
smaller inner pipes. The effective diameters are therefore used in the construction of the digester model. The
model is designed in Gambit as two axisymmetric sections around the x-axis. The final shape of the digester is
obtained by rotation of these sections around the x-axis. The digester is therefore designed in 2D but FLUENT
considers the total digester volume of around 1800 m3 and that of the circular central pipe inside the digester.

The chemical reactions in the Kraft pulping process are highly complex and are in some cases unknown.
Simplifying assumptions are therefore unavoidable when designing a mathematical model.

3.7 Mixture variables

The physical properties in the digester are defined as follows. A constant value is defined for the viscosity
of the mixture. The volume weighted mixing law is used to compute the density of the mixture. For increased
accuracy the double precision version of FLUENT is used for calculations.

Four simulations are performed and an Eulerian multiphase method of the Euler-Euler approach is ap-
plied in order to design the phases, i.e. wood chips and liquor flow.

3.8 Modeling simplifications and assumptions

The hydraulic behavior of the digester, multiple circulations, multiple inlets and outlets, chemical pro-
cesses, wood constituents and properties, chemical liquor composition, temperatures and pressures are neither
persistent nor regular enough for us to define a fixed and global model for the hydraulic and chemical behavior
of the pulping process. These conditions require some assumptions and simplifications so that an approximate
model of the pulp production process can be established. Our model contains simplifications and assumptions
regarding the hydraulic behavior and chemical reactions, partly due to lack of available information about
these processes and partly due to limitations and the capacity of the modeling tools. We do not model wood
chips as individual physical particles or use the Lagrange model to follow them. This type of model, which
considers the whole volume of the digester, including total individual particles and the associated reactions
is beyond present capabilities. The reactions of particles are simplified using the mass transfer scheme and
Eulerian approach. Wood chips are treated as a continuous phase. The recirculation flows are ignored but the
sum of these flows is added to the inlet flow. The circulation flows are heated outside the digester and returned
to maintain a constant temperature. In order to take this into consideration, the simulations are run at constant
temperature. The calculations are performed for pulping of softwood.

3.9 Mass transfer approach

The mass transfer mechanism in the frame work of the Eulerian multiphase model in FLUENT is adopted
for the pulping process. Pulp quality is predicted by solving the unidirectional mass transfer model, which
describes a positive mass flow rate per unit volume from phase p to phase q.

The FLUENT multiphase mass transfer code accommodates mass transfer between species belonging to
different phases. Instead of a matrix type input, it requires input of multiple mass transfer mechanisms. Each
mass transfer mechanism describes the process of mass transfer from one entity to another. An entity is either
a particular species in a phase, or the bulk phase itself if the phase does not have a particular species associated
with it. The mass transfer process may be specified either through the inbuilt unidirectional “constant-rate”
mass transfer or through user-defined functions.
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Figs. 2, 10 and 6 show a large decrease in Kappa number and lignin content of the wood chips in the
upper levels of the reactor, indicating an intensive cooking process at those levels.

Figs. 5, 13 and 9 show little release of lignin from the wood pulp in the upper levels of the digester,
whereas the more abrupt change of gradient in Graph 8 shows that lignin dissolves more rapidly in lower
sections of the digester.

Figs. 3, 11 and 7 show more even and gradual cooking throughout the reactor.
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Figs. 2, 10 and 6 show a large decrease in Kappa number and lignin content of the wood chips in the
upper levels of the reactor, indicating an intensive cooking process at those levels.

Figs. 5, 13 and 9 show little release of lignin from the wood pulp in the upper levels of the digester,
whereas the more abrupt change of gradient in Graph 8 shows that lignin dissolves more rapidly in lower
sections of the digester.

Figs. 3, 11 and 7 show more even and gradual cooking throughout the reactor.
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Figs. 2, 10 and 6 show a large decrease in Kappa number and lignin content of the wood chips in the
upper levels of the reactor, indicating an intensive cooking process at those levels.

Figs. 5, 13 and 9 show little release of lignin from the wood pulp in the upper levels of the digester,
whereas the more abrupt change of gradient in Graph 8 shows that lignin dissolves more rapidly in lower
sections of the digester.

Figs. 3, 11 and 7 show more even and gradual cooking throughout the reactor.
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Figs. 2, 10 and 6 show a large decrease in Kappa number and lignin content of the wood chips in the
upper levels of the reactor, indicating an intensive cooking process at those levels.

Figs. 5, 13 and 9 show little release of lignin from the wood pulp in the upper levels of the digester,
whereas the more abrupt change of gradient in Graph 8 shows that lignin dissolves more rapidly in lower
sections of the digester.

Figs. 3, 11 and 7 show more even and gradual cooking throughout the reactor.
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The interaction between groups of species is also defined. The lignin is associated with the wood chips
at the beginning of the process and moves from the solid to the liquid phase during exposure to the cooking
liquor. The mass transfer rate is homogeneous. The diffusivity of the liquor is also significant in determining
the mass transfer rate, conversion, and quality of the produced pulp through the digester.

3.10 Mass transfer conjugated with porous media

A combination of the Eulerian mass transfer approach with the species transport scheme and porous
media can be used to predict the flow behavior when modeling of both solid and liquid phases is required.
Use of the porous media model can eliminate complications such as modeling instability and divergence that
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arise from the granular method. A non-constant and variable porosity is defined throughout the digester to
represent the compressibility of the chips and pulp zones. Two porous models are available, viscous resistance
and inertial resistance. Inertial resistance is used here. The porous model contributes to slowing the flows in the
digester. When lignin dissolves and moves from phase 1 to phase 2, softening of phase 1 causes a momentum
change in the flows. A decreasing porosity is therefore defined in the model.
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Fig. 7. Kappa number-r12-d0.00288

The mass transfer model is applied for the transfer of lignin from phase 1 to phase 2. The two main
parameters in this model are diffusivity and mass flux (mass transfer rate).

The resistance of the solid chip phase with variable compressibility to expansion and compression can
be represented by assigning a bulk viscosity. This can be modeled as a porous media. However, defining these
properties using other CFD strategies incurs far higher computational cost.

4 Grid independence and validity

The outlets, extractions and amounts of the circulation flows are obtained from simulation of the digester
by adjustment of the pressures. The results of the simulations agree well with the operation values from the
Korsnäs process data base. The simulations are performed with three different types of meshes with different
numbers of cells to represent the geometry of the actual digester described above. Models were built with
meshes made up of 16000 or 55776 triangular cells, or with 21000 quadrilateral cell meshes for one half of
the digester i.e. 60m×3m. The other half of the digester is axisymmetric and is computed by FLUENT. There
is no difference between results using 56000 triangles and 21000 quadrilaterals, but the intermediate mesh
made up of 16000 triangular cells does not agree well with the other results. The lignin contents at outlets are
higher in this simulation compared to those that use more cells. We conclude that the mesh of 16000 triangles
is unable to provide sufficiently accurate results. Results of tests using even larger numbers of cells are very
similar to those that use either 56000 or 21000 cells.

A homogeneous mesh is used in all cases, i.e. the mesh size is constant in all directions. The mesh size
is 1 cell/5 cm in all directions.

5 Discretization, boundary conditions and setup

As the digester of the Korsnäs/Vallvik pulping plant is a vertical cylinder, the geometry in the model is
constructed from an axisymmetric two dimensional scale model. Unlike two dimensional symmetric models,
this axisymmetric model can take the total volume of the reactor into account.

Discretization, see Tab. 2.
Model setups, , see Tab. 3.
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Table 2. Discretization formulations
Discretization

Momentum second order
Volume fraction first order
Energy second order
Phase 2 second order
Pressure velocity coupling phase coupled simple

Table 3. The applied models

Discretization
Solver implicit
Gradient option Green—Gauss cell based
Porous formulation superficial velocity
Velocity formulation absolute velocity
Formulation implicit
Species transport model activated—no reaction
Energy activated

Inlet boundary Velocity inlet, Mixture: no active option.
Phase1: Thermal: T = 430K, velocity specification method: magnitude normal to boundary, 0.3m/s,

no other active option for species or multiphase.
Phase 2: 50 percent, T = 430K, velocity specification method: magnitude normal to boundary, 0.1m/s,

species: lignin, species mass fraction= 0.3.
The Schiller-Naumann formulation is adopted to solve for the drag force in the mixture mode. 
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Fig. 9. Kappa number r13-d0.000288

Operating conditions

Table 4. Operating conditions

Operating conditions
Gravitational acceleration 9.8m/s2 at X direction
Operating temperature 430 K

Table 5. Variables of simulations
Mass diffusivity Mass transfer rate porosity Abbreviations of simulations
0.288 2.00E-11 0.55-0.15 R-11-0.288
0.00288 1.70E-12 0.65-0.25 R12-D0.00288
0.000288 8.20E-05 0.5-0.1 R5-D0.000288
0.000288 8.20E-13 0.5-0.1 R13-D0.000288

6 Results

A number of simulations are performed to evaluate the distribution of pulp produced in the reactor.
The simulations are performed to examine the effect of the specified mass diffusivity, mass transfer rate and
porosity.
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7 Discussion

A number of simulations were performed to evaluate the pulp production rate in the reactor. Three essen-
tial variables were examined and other variables and boundary conditions were held constant.

The mass transfer rate was calculated by analysis according to the rate of pulp production and for wood
pieces of size 2× 2× 1cm.

Figs. 2∼ 5 and Figs. 6∼ 9 show the Kappa number of the pulp in the digester under different simulation
conditions. Figs. 6 ∼ 9 indicate differences in the lignin dissolution process in terms of Kappa number. The
inlet chips contain around 20% lignin and 10% extractives. The pulp at the outlet of the reactor contains
around 3% lignin. The Kappa number corresponding to pulp containing 3-4% lignin at the outlet is around 24.
The simulations show how cooking develops at different levels of the digester. The mass fraction of lignin in
the pulp is shown in Figs. 10 ∼ 13. These figures show that lignin made up around 30% of the mass of wood
chips at the top of the digester, and around 3% of the mass of the pulp at the bottom outlet.In
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Figs. 2, 10 and 6 show a large decrease in Kappa number and lignin content of the wood chips in the
upper levels of the reactor, indicating an intensive cooking process at those levels.

Figs. 5, 13 and 9 show little release of lignin from the wood pulp in the upper levels of the digester,
whereas the more abrupt change of gradient in Graph 8 shows that lignin dissolves more rapidly in lower
sections of the digester.

Figs. 3, 11 and 7 show more even and gradual cooking throughout the reactor.
Figs. 4, 4, 12 and 8 show that there is less cooking around the centre pipe than away from the pipe walls

in the upper levels of the reactor. Fig. 8 is wider in the upper sections, which may indicate different cooking
rates across the horizontal plane.

Figs. 5 ∼ 12 show the mass fraction of fibers in the digester. The wood chips at the top of the digester
contain around 70% fibers and 30% lignin and extractives by mass. The fiber content of the pulp is differently
distributed in these figures, showing the differences in the progress of the cooking reactions.

The lignin content drops faster in the first 10 m of the digester in simulation R11-D0.288 (Figs. 2, 10,
6 and 14) compared to other 3 simulations. The lignin dissolution is slowest in the last 10 m of digester in
simulation R11-D0.288. This simulation results in 3 different reaction rates in the digester.
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8. Discussion  
 
A number of simulations were performed to 
evaluate the pulp production rate in the reactor. For 
this purpose three essential variables were 
examined and other variables and boundary 
conditions are held constant. 
 
Mass 
diffusivity

Mass 
transfer 
rate 

porosity Abbreviations 
of simulations 

0.288 2.0E-11 0.55-0.15 R-11- 0.288 

0.00288 1.7E-12 0.65-0.25 R12- D0.00288

0.000288 8.2E-05 0.5-0.1 R5- D0.000288

0.000288 8.2E-13 0.5-0.1 R13- 
D0.000288 

 
Table 5: Variables of simulations 
 
 

Fig. 14. Mass fraction of fibers in the pulp R11-0.288

 

10 

 

 
 
 
Figure 9: Mass fraction of lignin in the pulp R13-
D0.000288 

 

Graph 5: Mass fraction of fibers in the pulp R11- 
0.288 

 

Graph 6: Mass fraction of fibers in the pulp R12- 
D0.00288 

 

Graph 7: Mass fraction of fibers in the pulp R5- 
D0.000288 

 

 

Graph 8: Mass fraction of fibers in the pulp R13- 
D0.000288 

8. Discussion  
 
A number of simulations were performed to 
evaluate the pulp production rate in the reactor. For 
this purpose three essential variables were 
examined and other variables and boundary 
conditions are held constant. 
 
Mass 
diffusivity

Mass 
transfer 
rate 

porosity Abbreviations 
of simulations 

0.288 2.0E-11 0.55-0.15 R-11- 0.288 

0.00288 1.7E-12 0.65-0.25 R12- D0.00288

0.000288 8.2E-05 0.5-0.1 R5- D0.000288

0.000288 8.2E-13 0.5-0.1 R13- 
D0.000288 

 
Table 5: Variables of simulations 
 
 

Fig. 15. Mass fraction of fibers in the pulp R12-
D0.00288 

10 

 

 
 
 
Figure 9: Mass fraction of lignin in the pulp R13-
D0.000288 

 

Graph 5: Mass fraction of fibers in the pulp R11- 
0.288 

 

Graph 6: Mass fraction of fibers in the pulp R12- 
D0.00288 

 

Graph 7: Mass fraction of fibers in the pulp R5- 
D0.000288 

 

 

Graph 8: Mass fraction of fibers in the pulp R13- 
D0.000288 

8. Discussion  
 
A number of simulations were performed to 
evaluate the pulp production rate in the reactor. For 
this purpose three essential variables were 
examined and other variables and boundary 
conditions are held constant. 
 
Mass 
diffusivity

Mass 
transfer 
rate 

porosity Abbreviations 
of simulations 

0.288 2.0E-11 0.55-0.15 R-11- 0.288 

0.00288 1.7E-12 0.65-0.25 R12- D0.00288

0.000288 8.2E-05 0.5-0.1 R5- D0.000288

0.000288 8.2E-13 0.5-0.1 R13- 
D0.000288 

 
Table 5: Variables of simulations 
 
 

Fig. 16. Mass fraction of fibers in the pulp R5-D0.000288

 

10 

 

 
 
 
Figure 9: Mass fraction of lignin in the pulp R13-
D0.000288 

 

Graph 5: Mass fraction of fibers in the pulp R11- 
0.288 

 

Graph 6: Mass fraction of fibers in the pulp R12- 
D0.00288 

 

Graph 7: Mass fraction of fibers in the pulp R5- 
D0.000288 

 

 

Graph 8: Mass fraction of fibers in the pulp R13- 
D0.000288 

8. Discussion  
 
A number of simulations were performed to 
evaluate the pulp production rate in the reactor. For 
this purpose three essential variables were 
examined and other variables and boundary 
conditions are held constant. 
 
Mass 
diffusivity

Mass 
transfer 
rate 

porosity Abbreviations 
of simulations 

0.288 2.0E-11 0.55-0.15 R-11- 0.288 

0.00288 1.7E-12 0.65-0.25 R12- D0.00288

0.000288 8.2E-05 0.5-0.1 R5- D0.000288

0.000288 8.2E-13 0.5-0.1 R13- 
D0.000288 

 
Table 5: Variables of simulations 
 
 

Fig. 17. Mass fraction of fibers in the pulp R13-
D0.000288

WJMS email for contribution: submit@wjms.org.uk

Fig. 13. Mass fraction of lignin in the pulp r13-
d0.000288

 

10 

 

 
 
 
Figure 9: Mass fraction of lignin in the pulp R13-
D0.000288 

 

Graph 5: Mass fraction of fibers in the pulp R11- 
0.288 

 

Graph 6: Mass fraction of fibers in the pulp R12- 
D0.00288 

 

Graph 7: Mass fraction of fibers in the pulp R5- 
D0.000288 

 

 

Graph 8: Mass fraction of fibers in the pulp R13- 
D0.000288 

8. Discussion  
 
A number of simulations were performed to 
evaluate the pulp production rate in the reactor. For 
this purpose three essential variables were 
examined and other variables and boundary 
conditions are held constant. 
 
Mass 
diffusivity

Mass 
transfer 
rate 

porosity Abbreviations 
of simulations 

0.288 2.0E-11 0.55-0.15 R-11- 0.288 

0.00288 1.7E-12 0.65-0.25 R12- D0.00288

0.000288 8.2E-05 0.5-0.1 R5- D0.000288

0.000288 8.2E-13 0.5-0.1 R13- 
D0.000288 

 
Table 5: Variables of simulations 
 
 

Fig. 14. Mass fraction of fibers in the pulp r11-0.288

In the second simulation (R12- D0.00288) the reaction rate changes more frequently, with a shift every
10 to 20 m down the digester (Figs. 3, 11, 7 and 15). The rate falls in the last 10 m of the digester.

The third simulation (R5-D0.000288) also results in fluctuations in reaction rate with height in the di-
gester (Figs. 4, 12, 8 and 16). The progress of the reaction is also heterogeneous in the horizontal plane. The
mass fraction of lignin increases from the walls to the center of the digester.

Simulation R13-D0.000288 shows a more homogeneous reaction rate which varies less in the horizontal
plane (Figs. 5, 13, 9 and 17). The resulting curves are less wide compared to those from Simulation R5-

WJMS email for contribution: submit@wjms.org.uk



World Journal of Modelling and Simulation, Vol. 7 (2011) No. 3, pp. 189-205 175

 

10 

 

 
 
 
Figure 9: Mass fraction of lignin in the pulp R13-
D0.000288 

 

Graph 5: Mass fraction of fibers in the pulp R11- 
0.288 

 

Graph 6: Mass fraction of fibers in the pulp R12- 
D0.00288 

 

Graph 7: Mass fraction of fibers in the pulp R5- 
D0.000288 

 

 

Graph 8: Mass fraction of fibers in the pulp R13- 
D0.000288 

8. Discussion  
 
A number of simulations were performed to 
evaluate the pulp production rate in the reactor. For 
this purpose three essential variables were 
examined and other variables and boundary 
conditions are held constant. 
 
Mass 
diffusivity

Mass 
transfer 
rate 

porosity Abbreviations 
of simulations 

0.288 2.0E-11 0.55-0.15 R-11- 0.288 

0.00288 1.7E-12 0.65-0.25 R12- D0.00288

0.000288 8.2E-05 0.5-0.1 R5- D0.000288

0.000288 8.2E-13 0.5-0.1 R13- 
D0.000288 

 
Table 5: Variables of simulations 
 
 

Fig. 15. Mass fraction of fibers in the pulp r12-d0.00288

 

10 

 

 
 
 
Figure 9: Mass fraction of lignin in the pulp R13-
D0.000288 

 

Graph 5: Mass fraction of fibers in the pulp R11- 
0.288 

 

Graph 6: Mass fraction of fibers in the pulp R12- 
D0.00288 

 

Graph 7: Mass fraction of fibers in the pulp R5- 
D0.000288 

 

 

Graph 8: Mass fraction of fibers in the pulp R13- 
D0.000288 

8. Discussion  
 
A number of simulations were performed to 
evaluate the pulp production rate in the reactor. For 
this purpose three essential variables were 
examined and other variables and boundary 
conditions are held constant. 
 
Mass 
diffusivity

Mass 
transfer 
rate 

porosity Abbreviations 
of simulations 

0.288 2.0E-11 0.55-0.15 R-11- 0.288 

0.00288 1.7E-12 0.65-0.25 R12- D0.00288

0.000288 8.2E-05 0.5-0.1 R5- D0.000288

0.000288 8.2E-13 0.5-0.1 R13- 
D0.000288 

 
Table 5: Variables of simulations 
 
 

Fig. 16. Mass fraction of fibers in the pulp r5-d0.000288

D0.000288. Simulations R13-D0.000288 and R5-D0.000288 are run with the same low mass diffusivity, but
the latter uses a lower mass transfer rate. Therefore it is not surprising that the lignin dissolution is delayed in
the latter simulation.

7.1 Validation and comparison of the kappa number results from mass transfer scheme simulations

The simulations were compared to experimental results. Experimental data are only available at the top
(inlet) and bottom (outlet) of the digester. The product at the bottom of the digester contained about 3% lignin
and 97% fibers. This corresponds to a Kappa number of around 24. The simulations agree well with these
values. Kappa numbers at the bottom of the digester are 23.6, 24.8, 24.6 and 23.7 for the different simulations
(Figs. 2 sim 5 respectively).

The mass fraction of the pulp product is between 3 and 4% according to the experimental results, and
agrees well with the simulation results. The simulations gave the following values for lignin content of the
product: 3.54%, 3.72%, 3.58% and 3.55% (Figs. 10 ∼ 13). These values show very close agreement between
the simulations and the experimental data.

The simulations differ in the gradients or distributions of fibers and lignin in the digester. The lignin
dissolution predicted by the Purdue, Gustafson, and Andersson models is shown in Fig. 18.

We compared our FVM Mass transfer scheme simulations with these models by calculating the lignin
contents of the wood chips in our simulations at 13 vertical points in the digester. The velocity distribution of
the secondary phase is shown in Fig. 19.

The Area-Weighted Average Velocity through the digester is also included.
Area weighted average velocity = 0.0034m/s. The residence time of the wood chips was estimated

based on the Area-Weighted Average Velocity and total height of the digester.

7.2 Residence time

60m/0.0034m/s = 17647s ≈ 4.9h.
The time taken by the chips to reach the 13 selected vertical points in our models was calculated based

on the height and average velocity of wood chips and the lignin content was compared to the lignin content
at the corresponding times in the Purdue, Gustafson and Andersson models. Fig. 20 shows the comparison of
the Mass transfer scheme simulations with the Purdue, Gustafson, and Andersson models.

The lignin contents are expressed in terms of Kappa number in Fig. 20. The simulations predict the
variation of Kappa number with height in the digester, but as the flow is continuous the Kappa number at any
height can be expressed in terms of the time taken by the chips to reach that height.

The Andersson model predicts much faster cooking reactions than the other models. Simulation R11-
D0.288 fits the Purdue and Gustafson models after about 120 min.

Simulation R5-D0.000288 also agrees well with the Purdue and Gustafson models. This simulation was
performed for wood pieces of size about 2 × 2 × 1cm. The essence of the FVM is the solution of the con-
servation equations of mass, momentum and energy, including the chemical reactions in every finite volume
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Fig. 18. Lignin content calculated by different kraft cooking
models laaksoo (2008)

Fig. 19. Contours of wood chip velocity

element in the reactor. Unlike the CSTR method, the FVM provides powerful and meaningful graphics, ani-
mations and reports that make it easy to convey the results of the CFD calculations.

8 Conclusions

FVM was used to mathematically model the flow behaviour, chemical reactions and pulp quality in a
pulping digester under steady state conditions.

The digester was represented as a two dimensional axisymmetric model that takes its total volume into
account. We demonstrated that this approach was able to model the conditions in the pulping process. The
performance of the mass transfer multiphase strategy indicates that it is useful for simulation of the pulping
chemical reaction.
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Fig. 20. Comparison of mass transfer simulation models with purdue, gustafson and andersson models

Pulp quality was predicted by prediction of the Kappa number which was defined in the Custom Field
Function panel.

The results indicate that a combination of the multiphase model, species transport, mass transfer and
porous model can predict the pulping chemical reactions inside the digester. This system can also provide a
good prediction of the pulp quality. Application of this model is expected to help researchers and operators of
the pulping mill to improve their knowledge of the pulping reactions and help in devising new and improved
strategies to control the pulping process.

9 Future work

Disturbances and other faults in the pulping process can lower the quality of the pulp product. It may
be possible to simulate these phenomena and predict the effects they have on events inside the digester using
these approaches.

10 Nomenclature

d Diameter (m); ~qq Number of phases;
dp Particle diameter (m); Qpq Particle diameter (m);
C2 Inertial factor; r Diameter (m);
D Diffusion coefficient or mass diffusivity m2/s; Sq Particle diameter (m);
Di,m iffusion coefficient for species i in the mixture; Sm Particle diameter (m);
~F Body force (N); t Diameter (m);
~Fx Axial forces (N); ~vm Particle diameter (m);
~FD Drag force (N); ~vpq Particle diameter (m);
~FV m,q Virtual mass force (N); ~vq Diameter (m);
~Fq External body force (N); ~vp Particle diameter (m);
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~Flift,q Lift force; ~vr Particle diameter (m);
g Gravitational acceleration (m/s2); ~vs Diameter (m);
hq Specific enthalpy of phase qth; r Particle diameter (m);
hqp Inter-phase enthalpy; γ Particle diameter (m);
hpq Inter-phase enthalpy; γi Diameter (m);
I Unit tensor; α Particle diameter (m);
J Diffusive mass flux kg/m2s; αk Particle diameter (m);
~Ji Diffusion flux of species i; αq Particle diameter (m);
Kpq Momentum exchange coefficient at interface; αs Particle diameter (m;
L Distance between particles; ρm Diameter (m);
ṁ Mass flow rate (kg/s); ρq Particle diameter (m);
ṁpq Mass transfer from pth to qth phase; ¯̄τq Particle diameter (m);
ṁqp Mass transfer from phase q to Phase p; µ Particle diameter (m);
∇p Particle diameter (m); µq Particle diameter (m);
n Pressure gradient; µm Diameter (m);
λq Particle diameter (m); φls Particle diameter (m).
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