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ABSTRACT: A theoretical model bas been developed to provide quantitative KEYWORDS
relationships describing flocculation in pulp suspension flow. This model is Analysis
based on the mass-action law and on the energy spectrum of the turbulent Electrostatics
Sflow. Electrostatic contributions are calculated by minimizing the free energy Flocculation
of bound counterions using the Poisson-Boltzmann field. Mathematical
The model is supported by an experimental study based on digital signal models
analysis using light transmission through the flowing puip. The experimental Pulping

portion of this work will be presented in Part 2.

Simulation

Fiber dispersion in the papermaking
process is an important phenomenon
that has a critical effect on paper
quality. The uniformity of optical and
mechanical properties is affected by
the small-scale distribution of mass in
the sheet of paper. This distribution
of mass is known as its “formation,”
which depends on the floc size distri-
bution in that sheet.

The degree of fiber dispersion is
controlled by a balance between
several chemical and mechanical
forces that act upon the fibers. Some
of these forees enhance floceulation,
such as (a) fiber—fiber attraction, (b)
the minimization of water-fiber con-
tact area vs. fiber-fiber contact area,
and (c) the coalescence of the volume
excluded to the water molecules by
the formation of floes. Other forces
enhance dispersion, such as (a)
changes in fiber density when floecu-
lation occurs, (b) redistribution of the
pulp electrostatic forces, and (c)
turbulence. Summarized by Kerekes
(1), literature is extensive on the
~ effects of hydrodynamics, electrostat-

ics, and fiber parameters on the
building up and breaking of fiber
networlks.

The theoretical model developed in
this study is based on the concept of

“dynamic equilibrium,” which was
first formulated by Mason and furth-
er elaborated on by Kerekes (7). In the
model, floceulation is considered as a
reversible coalescence of fibers to
which reaction equilibrium formula-
tions can be applied (mass-action law),
These formulations are coupled with
the material and energy balances,
resulting in descriptions of floc size
distributions. The model has two
experimentally determined parame-
ters that are fitted to the experimental
mean floe size and the variance of the
distributions.

Theoretical model

The purpose of this model is to des-
cribe and to prediet quantitatively the
phenomenon of fiber floceuiation in
turbulent flows by accounting for all
the chemical and mechanical forces
that act upon the fibers, These forees,
which ineclude fiber surface proper-

‘ties, fiber-fiber and fiber-water

interactions, electrostatics, density
effects, and turbulence, are coupled
with the material constraint on the
overall fiber concentration in the pulp
and the energy spectrum of the flow.

Energy balance

A pulp suspension is a two-phase
system, and the derivation of its
energy spectrum is a complex proce-
dure. Al-Taweel and Landau (2)
derived the dynamic equation of the
kinetic energy, E(X), for two-phase
isotropic turbulent flows. That equa-
tion is used in our model:

d/dt[In E(K)) = 2/3¢Y3 L2 _ 2, K2 - 360/

LoX [Xux ( £)/dn?] Rt m

The energy dissipation, ¢ of the two-
phase flow is:

e=[" {15VK2 + 860/L03% [ Xk (£)/dn?]

RK,Nz} E(KydK (2

Experimentally measured energy
spectra (2, ) indicate that the energy
E(K) is related to the wavenumber K,

E(K)=E, K™ 3)

where

a constant

= funetion of the suspended phase

concentration

number of waves/cm.

The dependence of E on consisten-
cy 1s assumed to follow the experimen-
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Flocculation

1. Electrostatic field effect on floc size distribution [hardwood pulp)

2. Floc size distribution at 300 ft/min, 0.5% consistency, 25°C
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tal and theoretical funetions given by
Al-Taweel and Landau (2) for liguid-
gas, solid-gas, solid-liquid, and gas-
liquid systems.

To solve Eq. 1, we assumed there
was a steady state in which turbulence
neither decays nor increases with
time, so that the time average energy
of an eddy is eonstant at a fixed point
of the flowing pulp. This assumption
permits the use of equilibrium rela-
tionships. However, this average
energy varies among different points
of the flowing pulp, and Eq. 1 has to
be applied separately for each point.

A second assumption deals with

_eddy size. Turbulent eddies are inter-
face regions with relatively high
shear, and the distribution of floc sizes
is directly related to the distribution
of the length scale of these eddies. The
mean floc size was assumed to be
equal to the mean eddy size:

K=tlength scale of N 1)

Material balance

The population density distribution of
flocs can be obtained once the free
energy change upon floceulation is
determined. However, this distribu-
tion is constrained by the amount of
fiber material present. As a weight
fraction, this amount is:

Xr= % Xn (5)

The mean floc size, N, where the size
is expressed here in terms of number
of fibers rather than in mm, and the
variance, o2, can be found once the floe
size distribution is determined:

ﬁ=§ NXw/% Xu (6)
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oz=§ (N- N)zXN/E Xn ()]

The term Xx is related theoretically
to the free energy description of the
system.

The mean floc size and a corres-
ponding variance are also represented
by experimentally determined pa-
rameters, F and o, respectively, on a
length scale (in millimeters). (The
experimental measurements will be
discussed in Part 2) To relate N to F,
the size of floceulated fibers has to be
determined.

In this analysis, we have assumed
that the length of hardwood fiber is
1 mm and that the length of softwood
fiber is 4 mm. We have also assumed
that the circular area corresponding
to the smallest experimental scale of
0.3 mm is roughly equivalent to
projected areas of 1 softwood fiber or
4 hardwood fibers. This viewing area
might contain a fraction of a fiber but,
for computational simplicity, we have
not taken this circumstance into
eonsideration.

Equilibrium balance

The “dynamie equilibrium” between
fibers and floes in pulp suspensions
was assumed to follow the mass-action
law, so the thermodynamic relations,
properties, and the population density
of each possible floc in the pulp can
be evaluated. In the analysis, we
eonsider flocs made of N fibers to be
in reaction equilibrium with the
dispersed fibers at fixed conditions.
The floc charge depends on the
number and valence of counterions
bound to the floc. The floe and the
dispersed fiber weight fractions, Xv
and Xz, respectively, are related to the

free energy of formation, AG®y, by the
mass-actiOn law (4);

Xy= exp{N [(-AG®N/RT) + 1an&]} ®)

The weight fraction of counterions is
assumed to be negligible compared to
the fiber weight fraction in Eq. 8.
The value of AG°y was found by
modeling the property changes be-
tween dispersed fibers and flocs. The
properties include fiber interactions
and density changes, excluded vo-
lume, and structural changes of the
water and electrostatic field effects:

AGN~AG oy + AG e +
AGocomp + AGoad + AGoel (9)

Each of the terms on the right-hand
side of Eq. 9 was modeled inde-
pendently.

Excluded volume free energy.
One step of the flocculation process
involves the collapse of the dispersed
fiber cavities and the creation of an
N-fiber floc cavity, where a cavity is
the available volume (or space) for a
chemical species to occupy in the
solution. A universal correlation was
developed for this term for a dispersed
species in aqueous solutions (5):

-A G®uv v/ RT = 93.64 - (1678.51/T) (10)

Equation 10 is applied to the floc
cavity by using the ratio of the floe
curvature to the fiber curvature:

"‘AGDaxv.ﬂoc =-A Goexv,ﬁherfr

for N>=2 (11)

where £, is the mean radius of curva-
ture of N-fiber floc divided by N,
divided by the mean radius of curva-
ture of a fiber.



I. Electrostatic field effects on theoretical parameters

The excluded volume free energy
change is then equal to

AGQexv = (‘AGoexv.ﬂoc) - (‘AGoexv,ﬁber) =
“AGoexv,ﬁber (fr - 1) (12)

For a spherocylindrical floc:

£ = [/ Pned)] (Vaser/ 4 )23 + 1N
[2/3 Ftiber (47!‘/3 Vﬁbe,)]-/s] = al_-].(l/N) br (18)

where
Ttiber = fiber radius
Viwer = fiber volume.

Since the fiber radius and volume
can have a wide range of values, we
simplify Eq. 13 by assuming that a.
— 0 and b — 1. Any error introduced
by that assumption is adjusted for the
value of the surface free energy, since
it is an experimentally fitted param-
eter.

Surface free energy. The intermeo-
lecular interactions between the sol-
vent and the fibers are changed upon
floceulation. More fiber-fiber contact
and less fiber-solvent contact are
occurring. The modeling of the sur-
face free energy contribution in this
analysis is done by experimentaily
fitting its effect:

(14
(15)

~AGyurfioe = ~AG surgber fo
AGcmr = "‘AGosur,ﬁber Ur’_ 1)

where f; is the surface area of N-fiber
floc divided by N, divided by the
surface area of a fiber.

For a spherocylindrical floe:

J5 = Ve [20er (3 Vaver/ 421 + (1/N)
P2inar/[3(8 Voer/ 47)%%1 = a0 + (1/N) b, (16)

Again, we assume here thata — 0 and
b — 1, as in the previous case.

Compression free energy. The
free energy change associated with
the compression of dispersed fibers to
the floc density can be separated into
energetic and entropic effects. The
energetic effect has been accounted
for in the surface free energy term.
The entropic effect is dominated by
the density increase of the fibers,
which can be estimated by the use of
a rigid body equation of state:

Scomp (p2)- Sgomp (p1) =
_ f *2 (dp de
°1 NOT/, ¥

Boublik’s equation of state (6) is
used for this term. :

Electrostatic and adsorption free
energy. For flocs which are ionically
charged at their surface, the effects
of concentrating the counterions must
be accounted for. The fraction of
bound counterions, 8, ean be obtained
by minimizing the free energy with
respect to 8. This model separates the
effects of bound counterions and
electrostatic field effects into two
terms, A G%q and A G°, respectively.
The first accounts for excluded vo-
lume and ion-solvent effects:

(17)

AG®w/RT = Bof (18

The electrostatic free energy de-
pendence is obtained from the Pois-
son-Boltzmann theory (?):

A= (kT/eP (w/dm)Am b yo ds

where

(19

Aym = surface area per charge

dimensionless surface potential

ep/ KT

dimensionless surface charge den-
sity = 4o efeoc KT.

o

@
1}

The theoretical results have been
fitted for each floc gize to:

AGC/RT = Con+ Cing+ Conff?  (20)

The distribution minimurn of the
overall free energy with respect to g
15 identical to the minimum for each
value of N, so 8 can be found from:

(-0/0B)AG°W/ BT (-3 / 3B)

(AG%W/RT)=0 (21)

The change of 8 with minimum free
energy is correlated with N in the
form:

Bria = By+ B InN (22)

This Bum is then used to caleulate AG®
from Eq. 20, which is finally correlat-
ed as:

AG°y/RT =B+ By/N +By/N* {23)

To determine By . . . Bs, the surface
charge density on the fibers, oo, has
to be known.

Substituting these five terms into
Eq. 8, the floc-size distribution

- becomes:

X = expN [~(AG®ww, 5w/ RT) (1 - 1/N) -
{AGwr, b/ BT (1 - 1/ N) + (AS®comp/R)
~By(B1+ B: InN) ~ B; ~ (By/N) ~
(ByN?) + BN + InXa1} (24)
where Bs is a shape correction factor
that accounts for deviations from
spherocylindrical geometry.

All but two of the model parameters
are determined by these derived
equations. The unknown parameters
are the surface free energy change
and the correction factor, Bs. Exper-
imentally determined floe size distri-
butions (mean floc size and standard
deviation) are used to fit these pa-
rameters. Equations 1 and 5 are
solved iteratively to determine their
unknowns: the kinetic energy term,
E, and the eoncentration of dispersed
fibers (unflocculated), Xiu.

The electrostatie parameters, Bo...
Bs, can only be calculated if the
surface charge density, oo, is known.
The only available measurement
which might relate to 6 is the zeta
potential. However, Herrington (8)
showed that the zeta potential is not
a measure of surface charge and
eannot be used to compare the surface

May 1988 Tappi Journal 117



charges of even similar materials.
This conelusion requires dealing with
the electrostatic forces in one of two
different approaches. First, electros-
tatic forces were assumed negligi-
ble—ie., By =...= Bs=0. Second,
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the surface charge densities reported
by Herrington for bleached sulfate
pulp were used to calculate the elec-
trostatic parameters and to determine
their effects on the theoretical floe size
distribution determined by the itera-
tive technique.

This approach was used on two
flowing pulps, one composed of only
hardwood and one composed of soft-
wood fibers. The results are shown in
Table 1, and theoretical and experi-
mental distributions are compared in
Figs. 1 and 2. These figures show that
pulp used in this study had negligible
electrostatic field effects even though
the zeta potential measurements of
that pulp indicated otherwise (Table
I), supporting Herrington’s conclu-
sions. Also, the floe size distribution
shifted from “negative exponential”
form to “log-normal” as the surface
charge density increased to 20.6 ¢/m?
deviating from the good fit with
the experimental data when oo was
Zero.

Conclusions

The optimum conditions for forma-
tion improvement depend on the
individual paper machine and pulp

- furnish. We have -provided a theoret-

ical framework to study floceulation
in turbulent suspension flow by der-
iving quantitative relationships with
determined quantitative parameters.
With this method, we can now quan-
tify floc size distribution, which has
an essential influence on the unifor-

mity of paper properties.

This method also has the capability
of accurately predicting floceulation.
The strategy of applying theory with
experimenta] data provides a unique
diagnostic technique capable of char-
acterizing and predicting floceulation
behavior with changes in pulp fur-
nish, paper grades, broke levels, and
other operating conditions.
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