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ABSTRACT A numerical model for the flocculation process in a turbulent 
fiber suspension can be used to calculate the flocculation intensity. The model 
includes the rate of both rupture and aggregation of fiber flocs. 

Calculations of flocculation intensity in a fully developedpipe flow are 
presented at two different Reynolds numbers (Re). The results show higher 
flocculation intensity in the center of the pipe than in the wall region. 
Flocculation intensity in the center of the pipe is greater at the lower Re. 

Flocculation intensity in apipe with abrupt expansion has also been 
calculated. The results show first a decreae in flocculation intensity at the 
pipe ax& followed by an increase. Minimum flocculation intensity I3 
predicted ut a certain distance downstream of the step, which I3 close to 
observations reported in the related literature. 

compared with measured results in single-phase flow. 
For both geometries, rudial mean and turbulent velocity profiles have been 
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Turbulent flow 

Dispersion of fiber flocs by turbulent 
forces is an important part of the 
papermaking process and is essential 
in making a sheet with good forma- 
tion. Several observations of both the 
state of flocculation and the floccula- 
tion process have been made, and 
extensive reviews have been present- 
ed (2-4). However, information is 
scarce about quantitative models for 
predicting the state of fiber floccula- 
tion in flowing suspensions. The 
purpose here is to present a numerical 
model for the mechanical flocculation 
process in fiber suspensions, a model 
that  can be used to calculate the 
flocculation intensity. 

‘Steen is now engineer of product development, 
Inenco AIS, Gjerdrumsvei 10A, N-0486 Oslo 4, 
Norway. 

Background 
Anderson (5)  published a model in 
which the probability of the rupture 
of fiber flocs was equal to the product 
of (a) the probability that a certain 
fluid stress would occur and (b) the 
probability that the strength of the 
floc was lower than this stress. Results 
from experiments indicated agree- 
ment with this model. 

Empirical models for both forma- 
tion and destruction of fiber flocs have 
been presented by Takeuchi et al. (6). 
The models calculated the degree of 
flocculation, A c /F,  as a function of 
time after a change has appeared in 
the pipe flow geometry. The key 
variables in the models were the wall 
shear stress and the fiber network 
plug radius in the core of the pipe. The 
equations were fitted to data for both 
softwood and hardwood bleached 
fibers. 

Wagle et al. (7)  stated that the floc 
breakup process in a steady shear 
field started as a global deformation 
and fragmentation a t  large scale, 
depending mostly on the shear rate. 
It was followed by a local small-scale 
erosion process, for which the floc size 
reduction was modeled as an exponen- 
tial rate process in which the rate 
constant was a function of the shear 
stress. They indicated that a similar 
approach could be used to model the 
global phenomena, however, a t  a 
different time scale. 

Hourani has published a model for 
calculating the size distribution of 
fiber flocs using the mass-action law 
in combination with the turbulent 
energy spectrum for two-phase flow 
(8 ,  9). He assumed that a “dynamic 
equilibrium” existed between fibers 
and flocs and that the mean floc scale 
was equal to the mean turbulent eddy 
size. The model results agreed well 
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1. Mean axial velocity profile in a fully 2. Turbulent kinetic energy profile in fully 
developed pipe flow. (Re = 50.000. data from develoDed DiDe flow. (Re = 50.000. data from 
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with measured results of floc size 
distributions for both Isoftwood and 
hardwood fibers. 

The turbulent shear stress is an 
important variable in the floc disper- 
sion process. Numerical predictions of 
turbulent flow fields are therefore of 
interest  when designing process 
equipment for the paper industry. 
Ten years ago, Baliaga and Majum- 
dar (10) presented an extensive review 
of available numerical methods. How- 
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ever, few publications have appeared 
in this field in the pulp and paper 
literature because it is difficult to 
model the effects the fibers have on 
the turbulent structure and because 
of the lack of complete models for the 
fiber flocculation process. 

Li and Majumdar (11)  presented the 
governing equations for single-phase 
flow, including the k-t model for 
turbulence. The turbulent flow field 
in a channel with an asymmetric 

sudden expansion was calculated, and 
the profiles of mean and fluctuating 
velocity were in fair agreement with 
measurements. They claimed that the 
model should be valid for the general 
h y d r aul i c characterist ics of low - 
consistency fiber suspensions. 

Full three-dimensional calculations 
of a tapered manifold flow spreader 
were presented by SyrJaTa et al. (12) 
using the same flow equations as Li 
and Majumdar (11). Their predictions 



of axial velocities at various axial 
positions downstream agreed well 
with measurements. Jones and Gin- 
now (13) have published calculations 
of turbulence intensity in decaying 
turbulence downstream of a grid, 
with the results in close agreement 
with experimental results. However, 
their predictions of average velocity a t  
various axial positions in a tapered 
headbox compared poorly with meas- 
ured velocities. The turbulent flow 
field in a circular step diffusor has 
been calculated by Lin (14)  using the 
Prandtl’s mixing theory with a spec- 
ified length scale. (A circular step 
diffusor is the same as an abrupt pipe 
expansion.) The predictions were not 
compared with experimental data. 

More general quantitative models 
for describing the fiber flocculation 
process are needed for the design of 
equipment in the papermaking pro- 
cess. For the purpose of meeting this 
challenge, a fiber flocculation concept 
was implemented in a numerical flow 
model (15). With this model, based on 
the turbulent flow variables, the 
flocculation intensity, F/@, has been 
calculated for an equilibrium flow, as 
in a circular pipe flow, and for a 
nonequilibrium flow, as in a circular 
step diffusor. The latter geometry is 
encountered in the papermaking 
process. This geometry was also a 
crucial test of the fiber flocculation 
concept, showing a decrease in floccu- 
lation intensity followed by an  
increase. 

Mathematical models 
mverning equations for turbulent 
fluid flow 
In modeling fluid flow in an axisym- 
metric pipe, the geometry can be 
represented in two dimensions by 
using cylindrical coordinates. The 
governing equations (16) for station- 
ary flow can be written as follows. 

Continuity equation: 

See Equation 1 

Momentum equations. Axial Z- 
direction: 

See Equation 2 

Radial r-direction: 

See Equation 3 

The turbulent viscosity, pt, is calcu- 
lated from a k-E turbulence model: 

See Equations 4 and 5 

Turbulent kinetic energy equation: 

See Equations 6 and 7 

Turbulent energy dissipation equa- 
tion: 

See Equation 8 

The constants in the model are: CO 
= 0.09, C1 = 1.44, C?. = 1.92, Uk = 1.0, 
and UE = 1.3. 

The boundary conditions a t  the pipe 
axis and in the outlet are all zero- 
gradient conditions, 6@/6xi = 0, for all 
variables. In the inlet, we have either 
used measured profiles or 117 power 
velocity profiles. Then, k and E are 
calculated by setting the production 
of turbulent kinetic energy equal to 
the dissipation of turbulent kinetic 
energy. At  solid boundaries, the 
velocities are zero. To avoid an ex- 
tremely fine grid resolution near the 
walls, we use a “law of the wall” (17) 
for calculating rw, and k, and E in the 
control volume near the wall. 

Shear stress a t  the wall: 

See Equation 9 

Dissipation in the k equation: 

See Equation 10 

Dissipation in mode adjacent to the 
wall: 

See Equation 11 

All the governing equations are of 
the same type: 

See Equation 12 

These equations were solved by 
using the KAMELON numerical flow 
code (18). This is a general finite 
difference program in which the 
equations are integrated over control 
volumes and the pressure is solved by 
the SIMPLE algorithm of Patankar 
(19). The resulting set of coupled 
algebraic equations are  solved by 
TDMA (tri-diagonal matrix algo- 
rithm). Using a grid with 60 x 30 
nodes, 450 iterations gave a conver- 
gent solution for the abrupt pipe 
expansion, which, incidentally, de- 
manded 4 h of CPU time on a VAX- 
station 3100. 

As mentioned, a concept for fiber 
flocculation in turbulent flow has been 
presented (15). Both the floc rupture 
and aggregation mechanisms in the 
fiber flocculation process were dis- 
cussed in detail, based on results from 
experiments and data from related 
literature. Hence, only a condensed 
review of the concept is presented 
here, together with the mathematical 
models for calculating flocculation 
intensity. 

In turbulent fiber suspensions, the 
large eddies will contain local fiber 
networks, or floes, while the smallest 
vortices will contain only single fibers 
or no fibers at  all. During the turbu- 
lent energy transfer from larger to 
smaller scales by vortex stretching 
(the turbulent energy cascade), the 
internal fiber network is deformed. 
Floc breakup is probable if the defor- 
mation forces are larger than the floes’ 
internal network strength. The length 
scale of the straining vortices will be 
of the same order as the floc scale. 
Eddies of a smaller scale will agitate 
the outer part of the floc, making the 
floc weaker and making rupture more 
likely. 

Floes of one length scale can be 
transported by turbulent eddies of 
larger scale, and floc collisions will 
occur. Turbulent eddies of small 
length scale will “activate” the outer 
part of the floc and single free fibers 
by bending and vibrating simple 
fibers. The turbulent fine structures 
located between larger eddies play a 
dominant role in this process. Colli- 
sions of floes cause buildup when the 
contact time is long enough for the 
newly formed local floc network to 
settle. Finally, we will have local 
small-scale erosion and deposition of 
single fibers on the surfaces of floes. 

In the fiber flocculation concept, the 
rupture  of floes is linked to the  
turbulent energy cascade, whereby 
eddies interact with other eddies of 
adjacent length scale. However, the 
floc aggregation process is composed 
of a small-scale activation and a large- 
scale collision and network settling. 
Fortunately, both subprocesses take 
place a t  the same location but a t  
different times, since the activating 
turbulent fine structures are located 
between the large turbulent eddies. 
[Details on the structure of turbulence 
can be found in Magnussen (20). ] 
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The conservation of flocculation 
intensity is modeled by a standard 
transport equation ( I O ) ,  setting @ = 
T I @ .  The source te rm includes 
terms for both the rate of floc aggre- 
gation and rupture. 

See Equation 13 

The turbulent  energy t ransfer  
down to smaller length scale is de- 
scribed by t in the k-t model, and we 
may model the rate of floc rupture as: 

See Equation 14 

The aggregation of floes is initiated 
at  the interface between existing floes 
and the activating regions. Let us 
assume that the fine structure regions 
cause the fiber activation and that the 
rate of floc formation depends on the 
concentration within this region and 
in the floc itself. 

See Equation 15 

The rate of fiber activation is pro- 
portional to the mass transfer to the 
turbulent fine structures (u*/l*) and 
the fine structures’ energy efficiency 
in activating single fibers. Assuming 
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coefficient, f(@/&), in a forced and 
damped oscillating system, we then 
have Eq. 16. 

See Equation 16 

The rate of fiber floc formation 
depends also on the floes’ contact time 
and the fiber response time. Hence: 
the total rate of aggregation will then 
be: 

See Equation 17 

See Equation 18 

Re = 180,000 
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2~ I Dout 

Results 
Single-phase flow 
To verify the turbulent flow field, 
single-phase calculations of a fully 
developed pipe flow and a flow in an 
abrupt pipe expansion (circular step 
diffusor) were compared with data 
from the related literature. 

Predicted results from a fully devel- 
oped pipe flow were compared with 
data from Laufer (21) a t  Re = 50,000. 
Figure 1 displays the mean velocity 

profile, and Fig. 2 shows the turbulent 
kinetic energy profile. Production and 
dissipation of turbulent  kinetic 
energy are  plotted in Fig. 3. The 
predictions agree very well with the 
results measured. 

Results for an abrupt pipe expan- 
sion (DauJDin = 2, where the diameter 
becomes twice as large) at Rei, = 
72,000 were compared with measured 
data from Ha Mihn and Chnssaing 



7. Flocculation intensity profiles at various axial positions in a circular 
step diffusor 

9. Measured flocculation intensity profiles at various axial positions 
downstream of a small step (D,n/Dout = 0.8) in pipe flow 
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8. Flocculation intensity at various 
positions for two radial positions in a circular 

zone, causing turbulent shear stress 
and momentum transfer to be too 

steD diffusor 
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(22). Figure 4 shows the mean axial 
velocity profiles, and Fig. 5 displays 
the turbulent kinetic energy profiles 
at  various positions downstream of the 
step. 

The reattachment length is of the 
right order (2XdDin = 8.6), even if 
there are several discrepancies be- 
tween the predictions and the meas- 
ured data.  The turbulent kinetic 
energy is too high in the recirculation 

high. This is a weakness of the k-e 
model, which predicts too large a 
turbulent length scale in the recircu- 
lating region (23). The predictions of 
Ha Mihn and Chassaing f i t  their 
measured data better than our model 
does, but their results were obtained 
with slightly altered constants in the 
turbulence model. 

A different constant in the equation 
was also used by Moon and Rudinger 
(24). That constant gave a correct 
reattachment length, but the decay of 
the centerline mean velocity was then 
incorrectly predicted. The mean ve- 
locity profiles of Moon and Rudinger 
(24) and Lin (14) seem to suffer from 
the same weakness, in the near wall 
region, as our predictions. 

~occula~ona 
We have calculated flocculation inten- 
sity in an axisymmetric, fully deve- 
loped pipe flow with diameter Dout = 
2Din = 0.05 m and length L = 7.5Din 
= 0.1875 m. A fiber suspension with 
C = 0.005, 1 = 3 mm, d = 30 pm, and 
EI = 10.’’ N.m2 was simulated. The 

model has not been calibrated, and we 
assume that the turbulent structure is 
unchanged in the presence of the 
fibers. This assumption should be 
studied critically when more data are 
available on turbulence and floccula- 
tion intensity. Hence, u p p 2 =  Cfi = crz= 
1. 

The time response for fibers, tfiber, 

and the damping factor, f l ,  are both 
related to the eigen frequency of the 
fibers and the viscosity of the fluid. 
The viscous damping coefficient, CY, 

can be calculated from the drag on a 
thin circular cylinder. In this intro- 
ductory approach, we have set p = 10 
and tfiber = 1, indicating a strong 
nonperiodic damping of the fiber 
oscillations. 

a t  
two different Reynolds numbers, Re 
= 45,000 and 180,000 (ucl = 1 m/s and 
4 m/s). Both the inlet profiles based 
on A = R and the calculated outlet 
profiles are presented. In an equilibri- 
um flow, these profiles are similar in 
shape. The flocculation intensity in 
the wall region is lower than in the 
center, and the intensity increases 
with decreasing Reynolds number. 

Figure 6 shows profiles of 
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A circular step diffusor with the sions is essential for modeling the floc 
same pipe geometry as described buildup. The small-scale activation 
above has also been calculated. The takes place in the turbulent fine- 
diameter in the inlet is D,,,=DOuJ2 and structure rlegions, which are only a 
Re,, = 90,000 (uc, = 4 m/s). The radial small fraction of the total flow volume 
flocculation intensity profiles a t  var- (20). The regions of fine structure are 
ious downstream positions are pres- located close to the large-scale eddies. 
ented in Fig. 7. The inlet profile is Equation 15 can be seen as an analogy 
based on A = R, and further down- to the kinetic reaction r a t e h  chemical 
stream we observe how the floccula- reactions, including the fiber consis- 
tion intensity a t  the pipe axis de- tency inside flocs and the fiber con- 
creases. F a r  downstream of the step, sistency in the activating regions. In 
it increases again with minimum the model, we have proposed expres- 
flocculation intensity a t  x/D,, = 6.5, as sions for these two consistencies. 
shown in Fig. 8. The flocculation The abilityof fibers to bend depends 
intensity in the inlet for z i C l  = 4 m/s is on the fiber flexibility and fiber 
lower in Fig. 7 than in Fig. 6 as a length. Within the regions of fine 
result of a smaller turbulent length structure, we will find the turbulent 
scale. fine structures as vortex tubes. The 

vortex tube is generated at the rate 
of the mass transfer, u*/l*, to the Discussion 
turbulent fine structure (20). The rate 

Few reports in the related literature of energy transfer from turbulent 
can be used in a discussion of these eddies to fiber oscillations is a t  a 
results. However, it is still pertinent maximum when the frequency of fine 
to discuss the formulation of the structures equals the eigen frequency 
model, some of the results of our own of the fibers (w/wo = 1). 
measurements,  and observations When we do not have a resonant 
from the literature. system, the rate of energy transfer can 

be expressed by a coefficient, f(w/wo). 
Rupture and aggregation model It is easier to activate a long and 
The rupture  term ( R  i n  Eq .  14, flexible fiber than a short and stiff 
signifying the dissipation of the fluc- one, causing a greater aggregation 
tuation) is similar to the one used by term. Furthermore, if the frequency 
Rodi (25) in the governing equation for of the turbulent fine structures, u*/l*, 
a general scalar fluctuation. Rear- becomes lower, the fibers will not be 
ranging Eq. 14, we obtain Eq. 19. activated to the same degree, causing 

a smaller aggregation term. This 
finding matches observations by 

# 
3 
6: 

See Equation 19 

The decay of a fluctuation is propor- 
tional to the decay of turbulent  
energy, and 1JCB should be between 
0.5 and 1 (25). Equation 1'3 is also a 
ratio of two time scales or two frequen- 
cy scales. A value of 1/C, equal to 1 
indicates that the break-up of flocs 
takes place when the frequency of the 
turbulent eddies is resonant with 
some eigen frequency of the flocs. 

The aggregation term (A)  is differ- 
ent from the production term used by 
Rodi (25). The production of a scalar 
fluctuation is controlled by mean 
scalar gradients, while floc aggrega- 
tion starts out as a small-scale activa- 
tion of fibers followed by floc collisions 
and fiber network settling. The floc- 
culation process is a two-way hier- 
archy and not a one-way process, as 
is the decay of a scalar fluctuation (15). 

The interaction between the small- 
scale activation and large-scale colli- 

Steenbirg et aL. (26) when the viscosity 
of the fiber suspension was increased 
(u*/L*= l /v ) .  Their explanation was 
that an increase in viscosity increased 
the time for the fibers to come to rest 
after activation. We denote this time 
as khr, and the floc buildup rate is 
proportional to the ratio tr/tfiber. 

Comparisons with data 
from experiments 
On the basis of the technique pub- 
lished earlier (15), flocculation inten- 
sity has been calculated from still 
photos of a fiber suspension in a pipe 
flow taken in transmitted flash light. 
With image analysis and Fast Fourier 
Transform, flocculation spectra were 
recorded at various radial regions 
across the pipe. These spectra were 
later integrated to give the total 
flocculation intensity. 

A vertical pipe flow of softwood 
fibers with consistency E= 0.0017 was 

studied, and photos were taken at 
various positions (x/Dout) downaream 
of an orifice (D,n/DoUt = 0.8, Do,, = 23.8 
mm). The results for two different 
Reynolds numbers, Re = 25,0010 and 
75,000 (ub = 1 and 3 m/s) are presented 
in Fig. 9. Even though the geometry, 
Reynolds number, and fiber concen- 
tration are different from our calcu- 
lations, the results can still be used for 
a discussion of the presented predic- 
tions. 

The flocculation intensity in the 
center of the pipe is higher a t  the 
lower flow rate, and the difference in 
flocculation intensity between Re = 
25,000 and Re = 75,000 is increasing 
downstream. At x/DOut = 20, we ob- 
serve a higher flocculation intensity in 
the center of the pipe for Re = 25,000 
than for Re = 75,000. The flocculation 
intensity in the wall region is lower 
than in the center. The same effects 
can be observed in our predictions of 
the fully developed flow in Fig. 6. 

Near the orifice, one can observe a 
flat flocculation intensity profile (x/ 
Dout = 2). In our predictions of the 
circular step diffusor (Figs. 7 and 8), 
the flocculation intensity in the center 
decreases downstream of the step 
before it increases again after %ID,, = 
6.5. At this point, the profile is very 
flat, and the position corresponds to 
x/DOut = 3.25. Hence, our predictions 
of both the equilibrium and the non- 
equilibrium flow show analogies to 
recorded data. 

Observations from related literature 
d'Incau found (27), in a decaying flow 
field downstream of a grid, that a 
minimum in flocculation intensity 
corresponded to a maximum in tur- 
bulent strain rate (u'/l'). In our model, 
we have set the rupture term (R  in Eq. 
14) proportional to ur/l'. d'Incau 
measured his maximum turbulent 
strain rate at  x/D,, = 7 ,  and we have 
minimum flocculation intensity in the 
center of the pipe a t  x/D,, = 6.5. 
Knowing the large difference be- 
tween the flow field in a step diffusor 
and a flow field downstream of a grid, 
we were able to make predictions that 
compare well with d'Incau's observa- 
tions. 

A study of the scale of flocculation 
in fully developed turbulent pipe flow 
has been carried out by Persinger (28). 
His measurements show that the floc 
length scale, koc, decreases with 
increasing Reynolds number, and the 
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length scale is larger in the center of 
the pipe than in the wall region. The 
scale of floc length could be predicted 
from setting A = R, which in the fully 
developed pipe flow would give h, = 
1'. The term hoc is then smaller in the 
wall region than in the center, but 1' 
does not change with Reynolds 
number. Hence, this result would not 
fit the results of Persinger (28). 

The model presented here is an 
introductory approach to the calcula- 
tion of flocculation intensity and the 
length scale in turbulent fiber suspen- 
sions. Although the model gives rea- 
sonable results, more complex effects 
should be studied and implemented in 
it. One aspect that should be included 
is the effect the fibers have on the 
turbulent structure, which corre- 
sponds to Hourani's calculations of 
floc size distribution (8 ,  9). Data 
reported earlier (29) and a two-phase 
k-e model (30) both indicate reduced 
turbulent kinetic energy in the pres- 
ence of fibers and particles. Further- 
more, the effect of the concentration 
gradient in a flowing fiber suspension 
has been omitted in this study. Final- 
ly, there should be a calculation of a 
floc length scale that corresponds to 
an equilibrium scale for which the 
rate of floc aggregation equals the 
rate of rupture. 

COllClWiOl-l§ 

Flocculation intensity in a turbulent 
fiber suspension can be calculated by 
using a transport equation for F/@. 
The model includes source terms for 
both the rate of floc rupture and 
aggregation. The rate of floc rupture 
is proportional to the turbulent strain 
rate. The floc aggregation rate is 
proportional to consistency within the 
floc itself and the consistency in the 
surrounding activating regions. 

The model has been used to calcu- 
late TI@, in a fully developed axi- 
symmetric pipe flow at two different 
Reynolds numbers. F/@ at  the pipe 
axis is lower for Re = 180,000 than for 
Re = 45,000. In the wall region, the 
I??/@ is lower than in the center of the 
pipe. 

Flocculation intensity in a circular 
step diffusor with Do, JDin = 2 has been 
calculated. Starting with fully devel- 
oped flow conditions in the inlet and 
Re = 90,000, the model predicts a 
decrease in T / P c l ,  with a minimum 
a t  x/Din = 6.5. Further downstream, 

the flocculation intensity in the center 
of the pipe increases again.0 
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Equations 

peff = CC + pt 

(3) 
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