
PEER-REVIEWED DILUTION

Papermakers dilute thick stock in the
approach flow to a paper machine by

creating shear between a stream of dilu-
tion water and a concentrated jet of pulp.
Dilution reduces the mass concentration
of the fibers in the suspension to reduce
nonuniformities in the suspension and
produce a more uniform sheet of paper.

In this research on the shear dilution
of a fiber suspension, we use high-speed
digital imaging to measure the effects of
various parameters on mixing in a labora-
tory apparatus. In research already pre-
sented [1], we focused on developing a
quantitative relationship between the
stream velocities and the rate of mixing,
as indicated by the boundary angle
between the two streams. In this phase of
the work, our objective was to separate
the velocity ratio effect from the shear
effect. To separate these effects on the
mixing efficiency, we changed the pres-
sure drop across a flow restriction in the
nozzle and observed the effects on the
growth of the shear layer and on the qual-
ity of the mixing field.

BACKGROUND
The characterization of the fiber suspen-
sion dilution process has been primarily
qualitative or based on largely averaged
measurements. Still, some idea of the pri-
mary factors affecting this process can be
gained from previous work. For example,
Norman and Tegengren determined by
qualitative, visual observation that the
velocity difference between the fiber sus-
pension and dilution water streams is a
primary factor [2].The ideal velocity dif-

between the primary and secondary
streams. The scaling factor, λ, is used to
compare spreading rates in shear flows
[6–12] and is shown in Eq. 1.This factor
corrects the growth in the shear layer to
the combined rate of downstream con-
vection.

λ = (U
1

– U
2
)/(U

1
+ U

2
) (1)

where
U

1
= fiber suspension stream (higher

velocity)
U

2
= dilution stream (lower velocity).

The meso-scale mixing mechanism of
turbulent convection is significantly
affected by the presence of fibers in a
fiber suspension flow field. Bugliarello
and Daily found that the addition of fibers
increases the rate of turbulence decay in
a given flow field [13], and Walseth
arrived at similar conclusions [14]. This
dampening of the turbulence field has a
negative impact on the convective trans-
port of mass and momentum and has
been directly observed for fiber-laden liq-
uid jets [15].

The initial conditions of the jet, prior
to the shear field,may also influence mix-
ing. For example, Mi et al. observed that
the spreading of gas flows depends on
the initial conditions of the jets [16].
Likewise, fiber suspension jet flows could
exist as one of several flow regimes
defined by the relative turbulence activi-
ty in the suspension [17–20]. Generally,
the flow regime is a function of the fiber
length and flexibility, the suspension con-
centration, the pipe size, and the pipe 

ference was determined when the jet
behaved more like a turbulent jet in the
mixing region.

Covey et al. used a sampling probe
downstream of the jet exit to obtain radi-
al fiber concentration distributions for
suspensions of short fibers (virgin
bleached eucalypt kraft) and long fibers
(virgin bleached softwood kraft) [3].
Although the probe was intrusive in the
flow and measurements were significant-
ly averaged in time and space, this study
added important information on the
spreading rate of the jet.

Mixing in confined flows is a process
that occurs on several scales. In the dilu-
tion of thick stock approaching a paper
machine, efficient and uniform distribu-
tion on the macro- and meso-scales is the
primary objective. Macro-scale mixing is
mixing arising from flow instabilities on
the scale of the pipe length. Meso-scale
mixing is mixing of the flocks resulting
from turbulent convection.

The mixing mechanisms for thick
stock dilution can be described from con-
fined jet flows. For a confined turbulent
jet, as illustrated in FFiigg..  11, the entrainment
rate of the secondary fluid is simply a
function of the jet boundary angle α [4].
Therefore, the angle defined by the tur-
bulent jet boundary is also the rate at
which the jet spreads and is a good indi-
cation of the efficiency of macro-scale
mixing.

The primary macro-scale mixing
mechanism in shear flows is the
Kelvin–Helmholtz instability [5], which
results from differences in velocities
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surface roughness, and the flow becomes more turbulent as the
flow velocity increases [21–25]. Furthermore, the suspension
properties affecting the flow regime are related to the suspen-
sion yield stress. Bennington et al. found that nylon fiber sus-
pensions have a yield stress in the following form [24], with
coefficient values of a = 84.4, b = 2.5, and n = 1:

τ
v

= aCbAn (2)

where
τ

y
= suspension yield stress, Pa

C = volumetric concentration fraction of fibers, mL/mL
A = fiber aspect ratio.

Disruption of the fiber network, or fluidization of the sus-
pension, has been shown to improve mixing within a fiber sus-
pension. For example, Francis and Kerekes correlated the
degree of mixing of Astra Red P liquid dye in a fiber suspension
to the pressure drop across a valve in a 10 cm pipe [26].They
found that the networks of fiber suspensions up to 13%–14%
concentration could be completely disrupted and that such a
disrupted suspension behaved much like turbulent water for
pressure drops greater than 200 kPa.

Both Norman and Tegengren [2] and Covey et al. [3] suggest
that the velocity ratio between the jet and the co-flow should
be at least 7:10 to achieve good mixing. This velocity ratio is
well above the TAPPI minimum recommendation of 1.1 [27].
However, in both studies, the fiber jet velocity was increased to
increase the velocity ratio. This adjustment also increased the

shear acting on the suspension in the nozzle.To determine the
true effect of the velocity ratio, the shear should be decoupled
from the flow regime.

The main objective of our research was to decouple the
velocity ratio effect from the shear effect on the mixing effi-
ciency of a thick stock dilution process. To separate these
effects, we changed the pressure drop across a flow restriction
in the nozzle at equivalent velocity differences and observed
the effect on the growth of the shear layer and the quality of the
instantaneous mixing field.

EXPERIMENTAL
We used nylon fiber in this work because natural fibers degrade
and are not uniform in length.We used two different lengths of
nylon fiber, 0.635 mm and 1.27 mm.The fibers of both lengths
were 14.9 µm in diameter, resulting in aspect ratios of 42.6 and
85.2, respectively.The yield stress for each suspension was cal-
culated from Eq. 2.

Apparatus
The fiber suspension and dilution flows were pumped via sep-
arate centrifugal pumps from the main tank, as shown in FFiigg..  22,
and flow rates were measured by magnetic flowmeters. To
allow for continuous operation,we designed a fiber filtering sys-
tem to separate fibers from the dilution water.The filtering sys-
tem consisted of concentrically arranged plastic tanks. Large
rectangular holes were cut out of the smaller concentric tank
and were sealed with a fine wire mesh of stainless steel. The
mixed flow from the test section was returned to the central
small tank, where an axial-blade, industrial agitator continuous-
ly stirred the return suspension to keep it well mixed.

An optical concentration meter was located on the fiber sus-
pension piping to confirm the fiber suspension concentration
entering the mixing channel.This meter was developed specifi-
cally for this research and was based on well-proven methods of
measuring optical concentration [28–30].The meter measured
transmitted light intensity with a photodetector and was well
correlated (r2 > 0.98) to the concentration of the flowing sus-
pension [31].

The symmetric mixing channel was 22.9 cm wide by 1.27
cm deep, and the length of the mixing section was 1.9 m. A
divider separating the dilution and fiber streams extended 0.5 m
into the mixing channel to allow the flows of the dilution water
and fiber suspension to develop.The divider was placed in the
middle of the channel, so that the jet width was 2.54 cm.The
dilution water channels were 10.16 cm wide on each side of the
nozzle dividers.The nozzle dividers were made of 1 mm thick
copper plating to minimize wake effects from the tips.

A removable nozzle insert, or flow restriction, was located
10 cm from the nozzle exit in the symmetric rectangular test
channel.The nozzle insert was added to increase the pressure
drop in the nozzle by reducing the flow area from 323 mm² to
194 mm².The area was reduced symmetrically on either side of
the nozzle centerline with 5 mm round pegs, which reduced
the width of the nozzle from 25.4 mm to 15.4 mm.The depth
of the nozzle was unchanged by the nozzle insert and remained
at 12.7 mm.

Pressure taps were located in the nozzle 10 cm apart. The
pressure taps were 5 cm upstream and 5 cm downstream of the
nozzle insert, as shown in FFiigg..  33.The pressure was measured by
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a 5-psi differential pressure transducer.
A digital camera (Canon ES310) and

PCI capture board were used to image
the flow in the channel.The digital cam-
era was placed on the opposite side of a
high-intensity, diffuse light source. The
mixing channel was located between the
camera and the light source.The camera
resolution was 640 by 480 pixels.

Procedure
We determined the boundary angle
between the wake boundaries and the
line extending from the nozzle tip paral-
lel to the flow direction.The half angle of
the jet near field (x ≤ 12 – D

j
) was deter-

mined above and below the jet center-
line and was added to obtain the full
angle.We used an image analysis routine
to make the boundary angle measure-
ment, as described in detail elsewhere
[31].

Briefly, the measurement was made
from an averaged image of 30 images
that spanned a time greater than 10
times the flow residence time for each
set of experimental conditions. The
measurement was repeated three times
for each condition, for a total of 90
images. The measured angles were aver-
aged at each condition, yielding standard
deviations typically between 0.038 and
0.4.The standard deviation was not cor-
related to suspension concentration,
fiber length, flow velocity, or measure-
ment magnitude.

Three jet volumetric flow rates were
used for the fiber suspension, correspon-
ding to mean velocities of 1 m/s, 2 m/s,
and 3 m/s. The Reynolds numbers for
equivalent water flows were 9.45 × 10³,
1.92 × 104, and 2.84 × 104, respectively.
The pressure drops across the nozzle
insert at these flow rates were approxi-
mately 2.8 kPa, 6.9 kPa, and 11 kPa,
respectively, and corresponded to effec-
tive wall stress values of approximately
75 Pa, 180 Pa, and 300 Pa. Without the
nozzle insert, the pressure drops at these
flow rates were approximately 0.21 kPa,
0.55 kPa, and 0.97 kPa, respectively, cor-
responding to calculated wall stresses of
approximately 5 Pa, 13 Pa, and 26 Pa.

The flow velocities for the dilution
water were between 0.1 m/s and 0.9 m/s

and depended on the ratio of the desired
velocity to the fiber suspension. These
velocities corresponded to a Reynolds
number between about 1.58 × 10³ and
1.14 × 104. Hence, both streams were
considered turbulent for equivalent
water flows. No plug flow behavior was
observed at any condition when the noz-
zle insert was in place. However, some
plug flow behavior was observed when
the nozzle insert was removed at sus-
pension concentrations over 4% by mass
for both fiber lengths. In addition, at
these concentrations, the suspension
was prone to plug between the planes
orthogonal to the camera view down-
stream of the jet exit.

Concentrations for the 0.635 mm
fiber length were 1% and 10% by mass.
For these concentration levels, boundary
angles are reported with the nozzle flow
restriction in place. For the suspension
with 1.27 mm fibers, the boundary angle
was observed at 5% concentration with
and without the nozzle flow restriction.

RESULTS
The central thesis of this work is that dis-
ruption of the fiber network prior to the
mixing region will improve the mixing
performance of a fiber dilution process.
Both quantitative (spreading rate) and
qualitative (instantaneous images) are
presented as evidence.

Dye tracer benchmarking
FFiigguurree  44 illustrates the mechanism for
the spread of the mixing region for the
case of water and dye mixing without
the flow restriction in the nozzle.
Instability in the mixing region grows
with axial distance from the jet exit into
large-scale vorticies, which engulf and
fold the secondary stream into the mix-
ing region.

As shown in FFiigg..  55, the most signifi-
cant factor for the growth of the
water–dye boundary layer in this system
is the velocity difference, or λ. Linear
trends fit to each case show the slopes to
be 26.6°/λ, 28°/λ, and 35.9°/λ for jet
velocities of 1, 2, and 3 m/s, respectively.
Overall, the slopes average 30.2°/λ.When
the boundary angles are compared at a

given λ,only a slight difference is evident
between the 1 m/s case and the cases for
the other two jet velocities. The slight
increase in the boundary angle from the
1 m/s case is caused by the increased tur-
bulence intensity in the jet and the
increased velocity difference between
the two streams (U

1
– U

2
). However, the

angle at a given λ asymptotically
approaches a maximum above 1 m/s,and
further increases in the jet velocity do
not affect the boundary angle.This phe-
nomenon is evident from the 2 m/s and
3 m/s jet velocity data presented in Fig.5.

The boundary angle increase over the
range of λ illustrates the significance of
the velocity difference (U

1
– U

2
) on the

spreading rate of the jet. For example,
increasing the jet velocity above 1 m/s at
a fixed λ increased the boundary angle
by only 1.73°. By comparison, increasing
the velocity difference at a fixed jet
velocity increased the boundary angle
approximately 5° over the range of λ.

Short fiber suspension behav-

ior
Adding short fibers to the jet stream and
inserting the nozzle flow restriction had
a small effect on the boundary angle
when the suspension concentration was
low. For example, the boundary angle
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results for the suspension of 0.635-mm
fibers at 1% concentration are shown in
FFiigg..  66. The overall average of the linear
trend slopes for these data sets is
30.9°/λ, which is about the same as the
average slope for the data on water and
dye mixing.

The boundary angle increase caused
by the increased jet velocity at a given λ
is also similar to the case of water–dye
mixing.The difference between the low
jet velocity of 1 m/s (dP = 77 Pa) and the
high jet velocity of 3 m/s (dP = 290 Pa) is
approximately 1.70° over the range of
velocity differences, λ, and is about the
same as the water–dye case without the
flow restriction. For the medium jet
velocity of 2 m/s (dP = 160 Pa),boundary
angles appear to fall between the low
and high angles of jet velocity.

FFiigguurree  77 presents the corresponding
instantaneous images for the suspension
of 0.635 mm fibers at 1% concentration.
The large-scale eddy mechanism grows
the shear layer in an odd instability mode
and is similar to the mechanism for
water–dye mixing. The images are com-
pared at λ = 0.6 for all three jet velocity
cases. For λ below 0.6, the experimental
conditions were not exactly comparable
at this suspension case. Above λ of 0.6,
the mixing phenomena were similar to
the phenomena captured in the images
in Fig. 7.

As the instantaneous images show,
the instability begins between 2 and 3 jet
widths downstream from the jet exit in
all three cases. The instability continues
to grow downstream in an odd mode,
and the resulting eddies tend to pair after
about 10 jet widths downstream. For the
case of the 1 m/s jet velocity, compared
to the other two cases, the eddy pairs

appear to maintain a more coherent
structure far downstream of the jet exit.
This difference may explain why the
boundary angle is less for the 1 m/s case.
The difference is likely caused by the
lower intensity of the turbulence in the
case of the 1 m/s jet.This trend was also
observed in the water–dye mixing and
could also be due in part to the lower
actual velocity difference (U

1
– U

2
) in the

case of the 1 m/s jet.
Also, the frictional forces are not like-

ly to be dampening the shear layer
growth at the upper and lower bound-
aries (parallel to the image plane) of the
channel depth. Fiber suspensions have
less drag than water or exhibit drag
behavior similar to that of water in the
transition and turbulent flow regimes.
Inertial effects are dominant in all the jet
velocity cases. The flow regime of the
fiber suspension was observed to be
highly turbulent just after the jet exit,
and it appeared turbulent far down-
stream in the mixing region as well.This
observation correlated well with the
ratio of predicted suspension yield stress
to the pressure drop across the flow
restriction, which was less than 0.18 Pa
to 75 Pa for all three jet velocities. It also
correlated well with the ratio of predict-
ed suspension yield stress to the mini-
mum calculated wall stress in the mixing
region, which was less than 0.18 Pa to
0.34 Pa for all three jet velocities.

Suspension concentration

effect on flow behavior
By increasing the fiber suspension con-
centration an order of magnitude, we
observed the concentration effects on
the boundary angle. FFiigguurree  88 shows the
pressure drop effects at a fiber concen-
tration of 10%.The overall average of the
linear trend slopes for these data sets is
32.8°/λ,which again is about the same as

the water–dye mixing and 1% mixing
data.However, the slightly higher average
slope for this condition is caused by
some systemic error in the measurement
method, resulting from the very high sus-
pension concentration for this case.

While the results are comparable
within this case, the exact boundary
angle values are not necessarily compa-
rable to cases with lower suspension
concentrations. Still, the boundary angle
increase from the case of the 1 m/s jet
velocity is an average of 2.2° over the
range of λ. In comparison,both the 2 m/s
and 3 m/s jet velocities have boundary
angles within an average of 0.5° over the
range of λ.Again, this increase in bound-
ary angle is caused by the increase in the
velocity difference and the increase in
the jet turbulence intensity, which is sig-
nificantly increased by the nozzle insert
in this case.

For the case in Fig. 8, the suspension
flow regime was difficult to judge
because the high concentration compli-
cated the visual assessment.However, the
suspension jet did appear turbulent, and
the mixing layer mechanism appeared
qualitatively similar to the 1% concentra-
tion case in the near field, as shown for λ
≈ 0.71 in FFiigg..  99. Turbulence in the near
field also seems likely since the pressure
drop across the flow restriction was
always greater than the predicted yield
stress of the suspension for this case. In
comparison, the ratio of the predicted
yield stress to the pressure drop across
the flow restriction approached 1 for the
1 m/s jet and indicates that the initial
conditions for the jet may not have been
fully turbulent. This lack of full turbu-
lence correlates with the depressed
boundary angle at this condition.

7. Instantaneous images of 0.635 mm

fiber at 1% suspension concentration

with the nozzle insert.
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For the 2 ms and 3 m/s conditions,
the pressure drops across the flow
restriction were 3 times and 6 times
greater than the predicted suspension
yield stress, and the jet was probably
highly turbulent. Since the boundary
angles were much closer for these condi-
tions over the range of λ, this outcome
suggests that the spreading rate is fairly
constant at a given λ as long as the jet ini-
tial condition is highly turbulent and the
fiber network is disrupted prior to being
introduced to the shear flow.

Behavior of the suspension

with long fiber
To better understand the effect of the ini-
tial jet conditions on the spreading rate,
we obtained boundary angles for the
1.27 mm fiber length at 5% concentra-
tion with and without the flow restric-
tion in the nozzle, as shown in FFiigg..  1100.
Boundary angles for the case without the
flow restriction are identified by the data
points for the 15 Pa and 23 Pa pressure
drops, which correspond to the 2 m/s
and 3 m/s jet velocities.These measured
values for pressure drop also correlate
well with the calculated Blausius wall
stress [32]—within ±3 Pa.

At the 1 m/s jet velocity, the suspen-
sion flow formed a plug downstream of
the jet exit whenever the flow restric-
tion was not in place.This development
is expected with the predicted yield
stress for the suspension being approxi-
mately 27 Pa. The flow regime was also
difficult to observe visually for this fiber
suspension at the 2 m/s and 3 m/s jet
velocities, but it appeared to be plug
flow or mixed flow.

The 74 Pa, 170 Pa, and 294 Pa data
points in Fig. 10 represent the average
pressure drops across the nozzle flow
restriction for the jet velocities of 1, 2,
and 3 m/s. The flow regime of the sus-
pension appeared turbulent for all three
jet velocities with the flow restriction in
place. Overall, the boundary angles for
these data sets are an average of 4.6°
greater than the boundary angles with-
out the flow restriction over the range of
λ.This difference is a significant change
in the spreading rate of the jet and is a
clear indication that the initial jet condi-
tions affect the mixing behavior.

FFiigguurree  1111 shows the cases with and
without nozzle flow restriction for the
5% suspension with 1.27 mm fibers.

Image A shows the downstream plugging
at the 1 m/s case, and Image B shows the
dramatic improvement made in the
downstream mixing behavior when the
flow restriction is placed in the nozzle.
Likewise, Images C and D and Images E
and F show similar improvements at the
2 m/s and 3 m/s jet velocities when no
downstream plugging of the suspension
is evident.

These image pairs also show a
decrease in nonuniformity in the mixing
region when the flow restriction is in
place. The decrease in the shear layer
nonuniformity is also caused by the high-
er intensity of turbulence of the jet in
these cases. Decreases in nonuniformity,
as caused by the flow restriction, were
observed over the entire range of λ for
this case (5% concentration of 1.27 mm
fibers).These decreases indicate that the
overall mixing quality may be improved
along with the spreading rate. Finally,
since the decrease in structural nonuni-
formity correlates to an increase in the
jet spreading rate, this result supports
the hypothesis that disruption of the
fiber network prior to mixing will
improve the mixing behavior at any
given velocity difference.

CONCLUSIONS
The spreading rate is a function of the
velocity difference and the flow regime.
Increases in the suspension concentra-
tion and fiber length decrease the
spreading rate of a two-dimensional, con-
fined suspension jet in a dilution co-flow
by changing the jet flow regime. When

the suspension jet is highly turbulent, the
spreading rate depends only on the
velocity difference. However, if the flow
regime tends towards mixed or plug
flow, then the spreading rate decreases
for a given difference in velocity.

Finally, the spreading rate and degree
of nonuniformity in the mixing region is
significantly improved when a flow
restriction is placed in the jet nozzle just
upstream of the nozzle exit. For a flow
geometry on the scale used in this exper-
iment, the spreading rate and the degree
of nonuniformity improve when the
pressure drop across the flow restriction
is at least 2 or 3 times greater than the
predicted yield stress of the nylon fiber
suspension. TJ
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INSIGHTS FROM THE AUTHORS
Multiphase, non-Newtonian flows involving mixing and
dilution are broadly significant in several industries and
still largely uninvestigated.  Also, pursuing this research
fulfilled a natural curiosity for two scientists with a back-
ground in fluid mechanics.  

Our previous research explored the effect of flow regime
on the spreading rate of fiber suspension jets.  Because
we previously allowed the flow regime to develop natu-
rally as a function of jet velocity, suspension concentra-
tion, and fiber length, we could not completely examine
the effect of the network on mixing.  In this research, we
more fully explored the effect by studying disrupted and
undisrupted networks at similar flow conditions.

Controlling the initial concentration and flow rate of
the fiber suspension were the most difficult aspects of
this research.  Developing a steady state process and a
fiber filtration system also required considerable devel-
opment time.

From our previous results, we suspected that both the
large scale mixing mechanisms and flock-scale non-uni-
formities would be significantly affected by disrupting
the network in the suspension jet.  However, the extent
of change in flock-scale non-uniformity was surprising. 

The significant change in the flock-scale non-unifor-

mity is perhaps most intriguing for application in full-
scale, industrial operations and suggests that fairly
appreciable gains in mixing efficiency may be gained
through simple process modifications. 

While doing this research, we received inquires
regarding our intent to study natural fiber suspensions.
Because the properties of natural fiber suspensions are
as varied as the fiber properties from which they are
comprised, empirical correlations may
need to be developed for each individ-
ual furnish and possibly in real time. In
order to manage this variability, new
and more advanced measurement and
control technologies should be devel-
oped to take advantage of the concepts
presented in this paper. 
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