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Mixing effectiveness was determined experimentally for side jet injection into pipe flow for water and pulp suspensions for a
range of fiber mass concentrations (0–3.0%), mainstream velocities (0.5–5.0 m/s), and side-stream velocities (1.0–12.7 m/s).
The mixing quality was measured in cross-sectional planes along the pipe using electrical resistance tomography and
quantified by a modified mixing index, derived from the coefficient of variation of conductivity. Mixing depended strongly on
the flow regime and jet penetration. For turbulent flow, the criteria for in-line jet mixing in water are applicable to the mixing
in suspensions, with small differences likely due to differences in fiber network strength and influences of fiber-turbulence
interactions in modifying turbulent structures in the bulk. When a suspension flows as a plug, however, the mixing differs
greatly from that in water, depending on the fiber network strength in the core of the pipe. VVC 2012 American Institute of

Chemical Engineers AIChE J, 59: 1420–1430, 2013
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Introduction

In-line mixers, in which a jet enters mainstream pipe flow
from the side, are widely used in the pulp and paper indus-
try. In bleaching processes, for example, various in-line
mixers, such as static and high-shear mixers, have been used
to provide efficient contacting between chemicals and pulp
before tower reactors whose level of mixing is otherwise
insufficient. In-line mixers are normally used in conjunction
with injectors. Understanding in-line jet mixing behavior is
essential as it provides basic concepts and guidance for the
design of in-line mixers and for process optimization.

The simplest in-line mixers are tee mixers. A number of
experimental studies have been conducted to investigate the
mixing of Newtonian fluids after tee mixers, mainly to deter-
mine the optimum relationship between jet-to-pipe velocity
ratio and diameter ratio for different working fluids and mix-
ing criteria. Details are provided in a previous article.1 How-
ever, for non-Newtonian pulp suspensions few studies have
been conducted to study in-line jet mixing behavior and the
data are very limited. Bobkowicz and Gauvin2,3 examined
the distribution of hot water in nylon-fiber suspension flow
in a vertical flow loop of diameter 50.8 mm. The tracer was
injected at the pipe axis, and the radial temperature profile
was measured by a temperature probe. The fiber diameters
ranged from 20 to 52 lm, their lengths from 0.52 to 1.2
mm, and fiber mass concentration ‘‘consistency’’ from 0.5 to
6.0%. Radial dispersion, determined from the radial intensity
of turbulence and eddy diffusion coefficient, increased sub-

stantially in the presence of fibers, even when drag reduction
occurred. Andersson4 examined dye dispersion in a standard
bleached spruce sulphite pulp flow in a rectangular channel,
with turbulence generated by a grid at the inlet of the chan-
nel. The suspension concentration ranged from 0 to 5 kg/m3

and the velocity from 0.13 to 0.83 m/s. Dye dispersion in
long-fiber pulp flow decreased with increasing concentration
and was less than that in comparable water flow. Luthi5

qualitatively investigated dispersion of dye injected at the
centerline of a 6% pulp suspension flow with a mean veloc-
ity of 21.3 m/s. The dye persisted in the core 1.5 m down-
stream of the injection point, showing that plug flow
occurred in the core of the pipe. Luettgen et al.6 studied the
dispersion of saline (KCl) solution in 0.5 wt % hardwood
pulp turbulent suspension flow for jet-to-pipe velocity ratios,
R, of 0.75 to 12. They found that the KCl dispersed more
rapidly in the pulp suspension than in water flow, and this
behavior occurred consistently for different velocity ratios.
Rewatkar et al.7 measured the mixing quality of 1% by
weight pulp suspensions along the pipe axis downstream of
a T-junction based on temperature profiling. They quantified
the degree of mixing by the coefficient of variation (CoV).
The mixing quality in the pulp suspension flow was signifi-
cantly less than that for water flow, mainly due to suppres-
sion of downstream turbulence.

Suspension rheology plays an important role in determin-
ing suspension behavior. The complex rheology of pulp sus-
pensions and its impact on the flow regime, contacts between
fibers, floc formation, and dispersion, etc. were summarized
by Kerekes.8 Due to their large aspect ratios (length-to-diam-
eter ratio), fibers collide in rotation and transition in shear
flow. Flocculation occurs when closely spaced fibers collide
and tangle with each other. Mason9 defined a condition
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where fibers were likely to collide in rotation with one fiber
in the volume swept out by the length of a single fiber. The
corresponding fiber volumetric concentration was called the
‘‘critical concentration,’’ given by

Cv ¼ 1:5ðd=LÞ2
(1)

where L is the fiber length, and d is the fiber diameter.
Based on this concept, Kerekes et al.10 defined the propen-

sity for fiber flocculation in terms of a dimensionless number
called the ‘‘crowding number,’’ defined as the number of
fibers in a spherical volume of diameter equal to the fiber
length, and given by

Nc ¼
2

3
CvðL=dÞ2

(2)

For pulp fiber suspensions, it is more convenient to base the
crowding number on fiber mass concentration, Cm (weight of
fibers per weight of suspension, expressed in wt %), and fiber
coarseness, x (weight of fiber wall material for a specific fiber
length). Eq. 2 can then be expressed as:

Nc �
5CmL2

x
(3)

Mason’s critical concentration clearly corresponds to Nc ¼ 1.
When Nc \ 1, each fiber is free on average to rotate without
encountering other fibers, and flocculation generally does not
occur. Corresponding fiber contacts were characterized as
‘‘chance collisions’’ by Soszynski.11 Kerekes and Schell12

showed that Nc can be directly related to the number of
contacts per fiber in determining the suspension behavior to
form the networks. For Nc ¼ 60, there are approximately three
contacts per fiber, and fibers become restrained in rotation and
locked into a network in a bent configuration.13 The 1\Nc \
60 range was described by Soszynski11 as one of ‘‘forced
collisions’’ between fibers. At higher crowding numbers, fiber
mobility decreases significantly, and flocs in the suspension
acquire mechanical strength through frictional forces among
fibers. Martinez et al.14 divided the 1 \ Nc \ 60 range into
two subregimes, separated by Nc ¼ 16, defined as the ‘‘gel
crowding number’’. For Nc \ 16, the fibers move freely and
the suspension behaves as essentially dilute. For 16 \ Nc \
60, fibers interact with one another and flocculate, but fiber
mobility persists. In recent work, Celzard et al.15 identified a
‘‘connectivity threshold’’ and ‘‘rigidity threshold’’ based on
percolation and effective-medium theories, and showed that
they correspond to Nc ¼16 and 60, respectively. The crowding
number is a general indicator of the level of fiber contact in
flowing systems, helpful in characterizing mixing quality in
this study.

Electrical resistance tomography (ERT) is a noninvasive
technique, used recently to evaluate mixing in various proc-
esses.16–21 It has also been used to assess the efficiency of
in-line mixers in pulp and paper processes. Yenjaichon
et al.22 evaluated the mixing performance of an industrial
static mixer in a chlorine dioxide bleaching stage, with
injected ClO2 acting as a tracer. ERT was successfully used
to assess the temporal variation of the mixing index, based
on the CoV, with the changes in operating conditions includ-
ing chemical flow rate, suspension flow rate, and fiber mass
concentration. Kourunen et al.23 applied ERT to assess the
mixing efficiency of a pilot-scale medium consistency mixer
and compared the results with those from temperature mea-

surement. Cold water, air, and steam were used as tracers,
with mixing quality again based on the CoV. The softwood
pulp suspension mean velocity was approximately 2.1 m/s at
Cm ¼ 10%. The mixing quality was found to improve signif-
icantly with increasing shear, and ERT results were similar
to those from temperature profiling. Yenjaichon et al.1 inves-
tigated the mixing quality of liquid tracer injected into a
softwood pulp suspension flow for various fiber mass con-
centrations (Cm ¼ 0–3.0%), mainstream mean velocities (Up

¼ 0.5–5.0 m/s) and side-stream velocities (Uj ¼ 1.0–12.7 m/
s). A modified mixing index was used to quantify the mix-
ing. The mixing behavior in the presence of fibers differed
significantly from that in water flow. At a specific jet-to-pipe
diameter ratio, the jet-to-pipe velocity ratio was the main pa-
rameter determining the mixing quality in the water flow.
For suspension flow, however, both main stream velocity
and jet penetration were major factors, due to the complex
rheology of the pulp suspensions and flow regimes. This arti-
cle extends the previous work to examine the effect of injec-
tion tube length, flow regime, jet penetration, and fiber prop-
erties on mixing quality, and to develop criteria for optimiz-
ing in-line jet mixing in pulp suspensions.

Experimental

The equipment in this study was described in detail by
Yenjaichon et al.1 A test section, 76.2 mm diameter and
1.88 m long, featuring eight 16-electrode sensor planes at
0.25 m intervals, was installed 5 m downstream of a pipe
bend in a pilot-scale flow loop facility to provide fully
developed flow before entering the test section. For each
sensor plane, 16 circular stainless steel electrodes of diame-
ter 6.35 mm were spaced uniformly around the vessel pe-
riphery. As shown in Figure 1, the side-stream injection
point for aqueous NaCl solution was located between the
first and second sensor planes. An ITS P2000 ERT system
(Manchester, UK) acquired the data, with image reconstruc-
tion based on a linear back-projection algorithm.

Steady-state experiments were conducted with constant
mainstream and side-stream flow rates. The tracer concentra-
tion varied from 0.9 to 2.4 g/L. The temperature in the main
stream was maintained at 20 � 5�C, while the temperature
difference between the main and side streams was always
less than 10�C. The hardwood pulp in this study was
bleached Maple kraft pulp, with fibers 0.60 mm in length,
16.6 lm in diameter, and 0.066 mg/m in coarseness on aver-
age. The softwood pulp was Northern Bleached Softwood
Kraft pulp from Canfor Pulp Ltd., Prince George, BC, with
fibers 2.52 mm long, 27.6 lm in diameter, and 0.129 mg/m
in coarseness on average.

The modified mixing index (M0) derived by Yenjaichon
et al.1 is used to quantify the mixing quality. It is determined
from the individual conductivity values from each image
pixel (316 in each cross-sectional plane).

Figure 1. Schematic of test section (with all dimen-
sions in mm).
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M0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

m � M2
S

p
MFS

(4)

where

Mm ¼ r
y
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

i¼1
ðyi � yÞ2

n � 1

s

y
(5)

and

MFS ¼
ffiffiffiffiffiffiffiffiffiffiffi
QpQj

p
QjCj þ QpCp

Cp � Cj

�� �� (6)

Mm is the mixing index measured under the given test
conditions, MFS the mixing index for fully segregated flow at
the same mean concentration and Ms the system mixing index
in the absence of tracer (brine solution). r is the standard
deviation of the conductivity values, yi the local mixture
conductivity determined from ERT measurements, y the
average conductivity, and n the total number of pixels in the
measurement plane. Cp is the salt concentration in the main
stream or pipe flow, Cj the salt concentration in the side stream
for jet flow, Qp the volumetric flow rate of the main stream,
and Qj the volumetric flow rate of the side stream. The
modified mixing index is 100% for fully segregated flow. As
the mixing improves, M0 decreases, approaching 0 for perfect
mixing.

Results and Discussion

Effect of injection tube length on mixing quality

Figure 2 shows the effect of injection tube length on mix-
ing quality for the same mainstream and side-stream veloc-
ities. Error bars in this and subsequent figures correspond to
90% confidence intervals. The entrance length was approxi-
mately 24Dj for a jet velocity, Uj, of 2.0 m/s and a jet Reyn-
olds number, Rej, of 25,710. The longer injection tube length
was sufficiently long (length: diameter ratio, Lj/Dj, of 36), to

provide fully developed turbulent flow, whereas the flow was
not fully developed for the short tube (Lj/Dj ¼ 14). The
modified mixing index for the fully developed flow was sig-
nificantly lower for the non-fully developed one, suggesting
better mixing when the side-entering jet was fully developed.
Tomographic images for the same condition are shown in
Figure 3. Due to misalignment between the actual electrode
position and the electrode position in the ERT reconstruction
process, the top position of the pipe in the tomographic
image is rotated counterclockwise by 11� from the vertical
axis, and a corresponding corrective rotation was applied to
all images obtained in this study. From the tomographic
images, the high-conductivity region in red and yellow rep-
resents the brine solution injected into the system, whereas
the low-conductivity region in blue represents the main
stream. The tracer was injected between planes 1 and 2.
Mixing quality improved along the pipe, as seen from the
disappearance of the red and yellow colors from plane 2 to
plane 8. The fully developed side-stream flow penetrated
further into the main pipe than the developing one since the
velocity profile was flatter when the flow was not yet fully
developed. Further penetration of the jet stream into the
main stream provided better downstream mixing. Long injec-
tion tubes were therefore used for all subsequent tests.

Effect of temperature and jet penetration on mixing
quality in water flow

All tests were in the turbulent flow regime for both the
main stream (Rep ¼ 38,100–381,000) and jet stream (Rej ¼
9,750–48,600). The temperature was varied from 15 to 25�C,
changing the viscosity of the water by 22%. However, the
Reynolds number was high enough that the dependence of
mixing quality on Reynolds number, and hence on liquid

Figure 2. Comparison of long and short injection tubes
on modified mixing index at Up 5 1.0 m/s, Uj

5 2.0 m/s, Dr 5 0.167 for fiber-free water.

P followed by a number designates sensor plane shown

in Figure 1. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 3. Tomographic images for water flow at Up 5
1.0 m/s, Uj 5 2.0 m/s, Dr 5 0.167: (a) short
injection tube; (b) long injection tube.

The locations of planes P1 to P8 are shown in Figure 1.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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viscosity, was negligible. On the other hand, the mixing
quality for the Newtonian fluid (water) in the turbulent flow
was strongly dependent on the jet penetration, and thus on
the jet-to-pipe velocity ratio. The mixing quality improved
significantly with increasing jet-to-pipe velocity ratio as the
mixing mode changed from wall-source to jet-mixing and
jet-impaction, with improving mixing quality for each
respective mixing mode as described previously.1 At low
velocity ratios (R \ 4), the jet rapidly bent and attached to
the near wall, so that the degree of mixing was poor. As the
velocity ratio increased (4 � R � 10), the jet penetrated to
the pipe axis and joined the main flow, causing the mixing
to improve significantly. At even higher velocity ratios (R
[10), the jet impinged on the far wall, then spreading cir-
cumferentially over the pipe inner periphery, with better
mixing downstream.

Flow regime of hardwood pulp suspension flow in pipe

For flow of pulp suspensions in pipes, it is customary to
identify the flow regime as plug, mixed or turbulent, based
on criteria suggested by Robertson and Mason.24 Figure 4
shows a typical logarithmic head loss-velocity curve for flow
of a low consistency pulp suspension through pipes. At very
low velocity in region AB (referred to as ‘‘plug flow’’), the
suspension travels like a piston. This region is called the
plug flow regime. In region BC, an annular water layer in
laminar flow surrounds the plug, with this layer becoming
turbulent at point C. At higher velocity in region CD, turbu-
lent stresses in the water layer degrade the plug, and fibers
begin to move into the thin turbulent annulus. The fibers in
the water annulus suppress turbulence, reducing momentum
transport and leading to less friction loss in the suspension
than in water, referred to as the onset of drag reduction.25 A
plug persists throughout BD, with its size decreasing with
increasing velocity until the plug disappears and the flow
becomes turbulent at point E.

Figure 5 illustrates the head loss curve for the hardwood
kraft pulp. The flow could be either plug or turbulent,
depending on the mainstream velocity. At Cm ¼ 1.0%,
the flow was essentially plug in the mixed flow regime for

Up � 2.0 m/s, and became turbulent at Up � 3.0 m/s.
The friction loss in the suspension became less in water at
Up % 1.0 m/s, likely due to the fibers in the annular water
layer dampening turbulence. At the highest fiber mass concen-
tration (Cm ¼ 3.0%), however, the flow was essentially plug,
with more friction loss than in water for all mainstream
velocities investigated (0.5–5.0 m/s).

Effect of velocities on mixing quality for hardwood
and softwood pulp

The jet mixing behavior of softwood and hardwood pulp
suspensions was found to be very similar. The flow regime
was important in determining the mixing quality for both
pulp types. Figure 6 shows the effect of the mainstream ve-
locity on the mixing quality for the hardwood pulp suspen-
sion at Cm ¼ 1.0 and 3.0% for the same diameter ratio and
almost the same jet-to-pipe velocity ratio. At Cm ¼ 1.0%,
the results were very similar to those for softwood pulp sus-
pension at Cm ¼ 0.5%.1 Increasing the mainstream velocity
changed the flow regime from mixed flow (at Up � 2.0 m/s)
to the turbulent flow regime (at Up � 3.0 m/s), resulting in
plug disintegration and significantly better mixing, approach-
ing that of the corresponding water flow, as shown in Figure
6a. At a higher mass concentration (Cm ¼ 3.0%), however,
(Figure 6b) the mainstream velocity had little effect on the
mixing quality. The degree of mixing was poor, with only a
slight increase in mixing quality observed with increasing
mainstream velocity, as the fiber networks were robust and
the suspension remained in plug flow for all mainstream
velocities tested.

Jet velocity is another important factor influencing mixing
quality. The mixing behavior was again similar for hard-
wood and softwood pulp suspensions. Figure 7 portrays the
effect of jet velocity on mixing for hardwood pulp suspen-
sions for Up ¼ 0.5 m/s and Dr ¼ 0.05. For dilute hardwood
pulp suspensions (Cm � 1.0%), the mixing quality depended
strongly on the jet velocity. Mixing improved significantly
with increasing jet velocity at Cm ¼ 1.0%, as shown in Fig-
ure 7a. At Cm ¼ 3.0% (Figure 7b), the mixing quality
depended on the jet penetration into the pipe. The mixing
quality was poor when the jet attached to the wall of the
pipe (far wall at R ¼ 12.3 and near wall at R ¼ 24.1);

Figure 4. Typical head loss-velocity curve for water
and low consistency pulp-suspension flow
through pipes.

Line AE is derived from Robertson and Mason24 for

pulp suspensions. Dashed line is the corresponding line

for water.

Figure 5. Head loss-velocity curves for water and hard-
wood kraft pulp.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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the mixing was better when the jet penetrated to the core of
the pipe (R ¼ 8.19). The mixing was optimal at R ¼ 16.0
when the jet impinged on the far wall and circulated back to
the core of the pipe. The data consistently showed this
behavior for Cm � 2.0% (hardwood pulp) and Cm � 1.0%
(softwood pulp). However, the jet velocities or velocity
ratios required for optimum mixing depended on the mass
concentrations due to different fiber network strength, with
higher velocity ratios needed for higher mass concentrations.
The optimum values are summarized in Table 1.

Decaying turbulence likely occurred at R ¼ 16.0 as shown
in Figures 7b and 8c. Energy dissipation from the jet impac-
tion disrupted the fiber networks, and mixing quality
improved for the first three planes (P2–P4) downstream of
the injection point as shown in Figure 7b. However, refloc-
culation probably occurred downstream, since the energy
dissipation required to maintain turbulence was not sus-
tained, causing the mixing quality to worsen downstream.
With the downstream reflocculation, a plug formed at the
center of the pipe, pushing the brine solution toward the
pipe wall. This can be seen from the formation of the high-
conductivity regions in red and yellow around the pipe, espe-

cially at the top of the P8 image in Figure 8c. This explana-
tion also applies at R ¼ 12.3 where the jet again disrupted
the plug and reached the far wall of the pipe, with refloccu-
lation downstream. For R ¼ 8.19, however, the tracer did
not reach the opposite pipe wall since the jet fluid joined the
main flow in the core of the pipe and travelled with the
plug.

In addition to mass concentration, the jet velocity (or ve-
locity ratio) required for the jet to reach the axis of the pipe
is a function of the mainstream velocity as the fiber network
strength depends on the mainstream velocity. At the same
mass concentration, a higher velocity ratio is needed for
lower mainstream velocity due to stronger fiber networks.
This differs from the behavior in water flow, as the velocity
ratio required for the jet to reach the center of the pipe is
almost independent of the mainstream velocity. The velocity
ratios required for the jet to penetrate to the center of the
pipe for different pulp types, mass concentrations, and

Figure 6. Modified mixing index as a function of
dimensionless distance downstream at differ-
ent fiber mass concentrations of hardwood
pulp suspensions: (a) Cm 5 1.0% and (b) Cm

5 3.0% for Dr 5 0.05, almost identical jet-to-
pipe velocity ratios and various mainstream
velocities, and comparison with modified
mixing index for water under very similar ex-
perimental conditions.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 7. Modified mixing index as a function of
dimensionless distance downstream at differ-
ent fiber mass concentrations of hardwood
pulp suspensions: (a) Cm 5 1.0% and 0% and
(b) Cm 5 3.0% for Up 5 0.5 m/s, Dr 5 0.05
and various jet velocities.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Table 1. Velocity Ratios for Optimum Mixing at
Up 5 0.5 m/s, Dr 5 0.05

Pulp Type
Fiber Mass

Concentration, Cm (%)
Optimum

Velocity Ratio

Softwood 1.0 10–14*
2.0 16.9
3.0 19.7

Hardwood 2.0 12–15*
3.0 16.0

*Approximate; clearly between these two limits.
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mainstream velocities are summarized in Table 2. Due to a
limitation of the liquid injection system, data could only be
obtained for Up � 2.0 m/s. At Up ¼ 2.0 m/s, the required
velocity ratio for the jet to penetrate to the axis of the pipe

approached that for water, except for 3.0% softwood pulp

suspension where the required velocity ratio was slightly

higher than that for water, suggesting that the effect of fiber

network strength became less significant at this mainstream

velocity. At higher velocities (Up � 2.0 m/s), therefore, the

required velocity ratio also likely approaches that for water

for the fiber mass concentration range investigated. Although

the velocity ratios for optimum mixing in Table 1 are useful

indicators, they are not necessarily desirable from a practical

point of view since impingement on the pipe wall creates

significant stress there. At higher mass concentrations (Cm �
2.0% for hardwood pulp suspension and Cm � 1.0% for soft-

wood pulp suspension), the mixing quality was poor when

the jet attached to the pipe wall, and the design criteria can

thus be based on the velocity ratio for the jet to reach the

axis of the pipe, as shown in Table 2.

Effect of fiber-turbulence interactions on mixing quality
for hardwood pulp

Figure 9 shows the effect of the mainstream velocity on
mixing quality for a hardwood pulp suspension with Cm ¼
0.5% at virtually identical jet-to-pipe velocity ratio and iden-
tical diameter ratio. The suspension flow was clearly in the
turbulent regime for all mainstream velocities examined, and
the mixing quality in hardwood suspension flow was some-
what better than that for water without fibers. The slight
increase in mixing quality at a lower velocity (Up ¼ 2.0 m/s)
was likely due to the longer retention time. Figure 10 com-
pares the hardwood suspension at Cm ¼ 0.5% and water flow
at Up ¼ 3.0 m/s for various jet velocities. Mixing quality
improved with increasing velocity ratio, with consistently bet-
ter mixing quality for the dilute hardwood suspension than for
water in the turbulent flow regime. However, mixing quality
was worse for the softwood suspension at the same fiber mass
concentration in the turbulent flow regime, as shown in Figure
11. This might be due to the longer fibers creating stronger
fiber networks for the softwood than for the hardwood,

Figure 8. Tomographic images for hardwood pulp suspension flow at Up 5 0.50 m/s for Cm 5 3.0%, Dr 5 0.05 at:
(a) R 5 8.19; (b) R 5 12.3; (c) R 5 16.0; and (d) R 5 24.1.

The locations of planes P1, P2, P5 and P8 are shown in Figure 1.
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thereby, suppressing turbulent fluctuations and hence mixing.
Another factor could be increased resistance to bending of the
larger-diameter softwood fibers when subjected to flow-
induced stresses, affecting the extent to which the two types
of fibers dampen turbulence. The differences in the mixing
quality are relatively small, but significant, as error bars for
each curve seldom overlap each other.

The improved mixing for the short-fiber hardwood pulp
suspension coincides with results reported by Luettgen

et al.,6 who also found that turbulent dispersion was greater
for a dilute hardwood suspension (at Cm ¼ 0.5%) than for
fiber-free water. The results also agree with findings sum-
marized by Bobkowicz and Gauvin,2,3 who reported that the
radial intensity of turbulence in water flow containing short
nylon fibers (of length from 0.52 to 1.21 mm) was higher
than that for water without fibers, even though the suspen-
sion flow was in the drag reduction regime. It is generally
believed that drag reduction is due to the suppression of tur-
bulent eddies by fibers or other particles. Several studies26–30

have suggested that drag reduction in fiber suspensions is
especially due to dampening of radial velocity fluctuations in
the turbulent core, in contrast to drag reduction in polymer

Table 2. Velocity Ratios for Jet Reaching Center of Pipe
for Dr 5 0.05

Fluid

Fiber Mass
Concentration,

Cm (%)

Mainstream
Velocity,
Up (m/s)

Velocity Ratio
for Jet

Reaching Axis
of Pipe

Water – – 6.2
Softwood 0.5 0.5 \8.0*

1.0 6.0
2.0 6.3

1.0 0.5 7.7
1.0 6.2
2.0 6.3

2.0 0.5 9.6
1.0 7.7
2.0 6.4

3.0 0.5 11.0
1.0 8.3
2.0 [6.3*

Hardwood 0.5 0.5 \8.0*
1.0 6.2
2.0 6.2

1.0 0.5 \8.0*
1.0 6.2
2.0 6.2

2.0 0.5 8.2
1.0 6.3
2.0 6.2

3.0 0.5 9.0
1.0 8.1
2.0 6.2

*Unable to obtain due to limitation of liquid injection system.

Figure 9. Modified mixing index as a function of
dimensionless distance downstream for hard-
wood pulp suspension at Cm 5 0.5%, R 5 3.1
compared with water for various mainstream
velocities and almost identical jet-to-pipe ve-
locity ratios.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 10. Modified mixing index as a function of
dimensionless distance downstream for
water (W) and hardwood pulp suspension
(HW) flow at Cm 5 0.5%, Up 5 3.0 m/s with
various jet velocities.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 11. Modified mixing index as a function of
dimensionless distance downstream for
water, softwood and hardwood pulp suspen-
sions at Cm 5 0.5%, Up 5 4.0 m/s, R 5 3.1
and Dr 5 0.05.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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solutions, in which drag reduction is due to dampening near
the wall.31,32 This implies less turbulent dispersion and
reduced lateral mixing, which appears to contradict the ex-
perimental results of improved mixing for the hardwood
fibers. However, fiber aspect ratios in those previous studies
were relatively high ([70), close to that for the softwood
fibers (92), and significantly higher than that for the hard-
wood fibers (36) in this study. A softwood suspension likely
forms fiber networks, dampening turbulent fluctuation in the
core, whereas a short-fiber hardwood suspension probably
behaves differently.

The crowding number, Nc, of 123, calculated from Eq. 3
for the 0.5% softwood suspension, significantly exceeded
the critical value of 60, indicating more than three contacts
per fiber. Consequently, fibers entangled, flexed, and
formed networks from frictional forces between them in the
bent configuration.13 In the turbulent fiber suspension flow,
these networks were in a dynamic equilibrium between si-
multaneous floc formation and breakdown of flocs by shear
stress,24 and likely suppressed turbulent dispersion in the
core of the suspension flow, leading to less momentum
transport than in water flow and hence to drag reduction.
For the hardwood, the crowding number of 13.8 for Cm ¼
0.5% was lower than the gel crowding number of 16.
Accordingly, fibers were free to move relative to one
another. Individual fibers were then free to migrate through-
out the main flow, and the mechanism of drag reduction
possibly differed from that for softwood fibers. The changes
in turbulence structure causing drag reduction in hardwood
fibers probably occur only in the wall layer, as for drag-

reducing polymeric fluids. Improved turbulent dispersion
over the entire cross-section of the pipe is therefore com-
patible with drag-reducing flow.

Figure 12 compares tomographic images for water (Cm ¼
0) with Cm ¼ 0.5% softwood and hardwood suspensions for
the same flow conditions in the turbulent flow regime. Simi-
lar jet penetration was observed at P2 for each case. The dis-
tribution and disappearance of high conductivity regions in
the hardwood suspension were similar to those in water, but
differed from those in the softwood suspension, as shown
from the image contours downstream, especially at P6 and
P8. The drag reduction mechanism for the hardwood fibers
therefore probably differed from that for the softwood fibers.
Due to high number of fiber contacts in the softwood sus-
pension suggested by the crowding number, floc formation
likely suppressed turbulence in the core of the pipe, consist-
ent with the high-conductivity region being concentrated fur-
ther from the pipe wall at P6 and P8. In the hardwood fibers
with lower crowding, however, the tracer spread near the
pipe wall, indicating negligible floc formation occurring in
the core, and turbulence was probably dampened in the near-
wall region.

Accordingly, drag reduction in hardwood suspensions
might not be a determining factor for the overall mixing
quality as it is predominantly related to near-wall behavior,
whereas mixing in our study was measured over the entire
pipe cross-section. This implies that short fibers might alter
the turbulence structure in the bulk, leading to better mixing
in hardwood suspensions than in fiber-free water. The
crowding number for the hardwood fibers suggested that the

Figure 12. Tomographic images for Cm 5 0.5%, Up 5 4.0 m/s, R 5 3.1 and Dr 5 0.05 with: (a) softwood; (b) hard-
wood; and (c) fiber-free water.

The locations of planes P2, P4, P6 and P8 are shown in Figure 1. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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suspensions behaved as essentially dilute, with individual
fibers moving free of one another throughout the flow, possi-
bly carrying turbulent eddies with them. Fibers may also
have collided with each other, generating local turbulent
eddies. These factors could promote turbulent dispersion,
resulting in improved mixing in a dilute hardwood suspen-
sion.

McComb and Chan33 reported that the longitudinal com-
ponent of turbulent velocity fluctuations in fiber suspension
flow decreased, whereas the tangential component increased,
relative to water flow. An increase in tangential fluctuations
could promote turbulent dispersion and mixing quality.
Luettgen et al.6 proposed that the motion of flocs in the sus-
pension flow provided a mechanism for increasing longitudi-
nal and tangential velocity fluctuations, while suppressing ra-
dial fluctuations, and proposed that this mechanism could
promote turbulent dispersion in drag-reducing flow.

Figure 13 plots the modified mixing index for various
fiber mass concentrations at Up ¼ 4.0 m/s. The results show
the effects of flow regime and fiber-turbulence interactions
on the mixing quality. Plug flow was approached at Cm �
2.0%, leading to poor mixing downstream. At lower mass
concentrations (Cm � 1.0%), the flow was in the turbulent
regime, and the mixing quality was much better. Better mix-
ing quality than for water occurred at Cm ¼ 0.5% but not at
Cm ¼ 1.0%. The crowding number was 13.8 for Cm ¼
0.5%, whereas it was 27.6 for Cm ¼ 1.0%. The latter was
higher than the gel crowding number of 16, causing fibers to
interact and begin to flocculate. It appears that the fiber mass
concentration needs to be sufficiently high for fiber-turbu-
lence interactions to improve dispersion, but not be so high
as to engender fiber networks strong enough to reduce turbu-
lent fluctuations.

Effect of fiber type on mixing quality

Figure 14 shows the effect of fiber type on mixing at Up

¼ 3.0 m/s. The mixing quality for the short-fiber hardwood
pulp suspension was substantially better than for the soft-
wood suspension, and was very similar to that for water, as

illustrated in Figure 14a. At this consistency and mainstream
velocity, the turbulent shear was sufficient to disrupt the
fiber networks for hardwood suspension, causing the flow to
become turbulent, leading to enhanced mixing. For the same
conditions, the fiber networks for softwood suspension were
robust, flowing as a plug, resulting in poor mixing. However,
the fiber properties did not have such a strong effect on mix-
ing quality at the higher mass concentration of 3.0%, as indi-
cated in Figure 14b. In this case, mixing was similar for
both fiber types, and poor relative to water, as plug flow
occurred in both cases.

Conclusions

For mixing in water, the mixing quality for a long injec-
tion tube providing fully developed jet flow was significantly
better than that for a short one due to the flatter velocity pro-
file of developing flow causing less jet penetration. Tempera-
ture between 15 and 25�C had insignificant effect on the
mixing quality.

Mixing quality was significantly worse for suspensions in
the plug and mixed flow regimes than in turbulent flow, due

Figure 14. Modified mixing index as a function of
dimensionless distance downstream for
water, softwood and hardwood pulp suspen-
sions at (a) Cm 5 1.0% and (b) Cm 5 3.0%,
for Up 5 3.0 m/s and R 5 3.1.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 13. Modified mixing index as a function of dimen-
sionless distance downstream for hardwood
pulp suspensions at Up 5 4.0 m/s, R 5 3.1
with various fiber mass concentrations.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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to strong fiber networks of the core plug suppressing disper-
sion. In turbulent flow, mixing behavior for both softwood
and hardwood pulps was similar to that for water. For a
given jet-to-pipe diameter ratio, the mixing was almost inde-
pendent of the mainstream velocity at the same jet-to-pipe
velocity ratio. Mixing improved with increasing ratio of
injection velocity to mainstream velocity for a constant jet-
to-pipe diameter ratio.

For plug flow in the mixed flow regime with a loose fiber
network, the jet could disrupt the plug. Mixing improved
with increasing jet velocity, but was significantly lower than
for water for Cm ¼ 0.5% with softwood pulp, and for Cm �
1.0% with hardwood fibers. However, at higher fiber mass
concentrations, the mixing quality depended on jet penetra-
tion. Jet attachment to the far wall of the pipe led to poor
mixing. Mixing quality improved when the jet penetrated to
the axis of the pipe, and improved further when the jet
impinged on the opposite wall and then recirculated to the
core of the pipe. Higher jet velocities were required for
the jet to penetrate to the center of the pipe at higher mass
concentrations and lower mainstream velocities due to
denser fiber networks.

In the turbulent flow regime, the mixing for a dilute hard-
wood suspension at Cm ¼ 0.5% was somewhat better than
for water, whereas it was worse for a softwood suspension at
the same concentration. Drag reduction may not be directly
linked to the overall degree of mixing in hardwood suspen-
sions as it predominantly reflects behavior in the wall layer.
Shorter smaller-diameter fibers likely modify the turbulence
structure in the bulk, resulting in better mixing over the
entire pipe cross-section, whereas high mass concentration
and long large fibers create fiber networks that reduce turbu-
lent fluctuations and mixing quality.

Acknowledgments

The authors thank NSERC, FPInnovations (Paprican Division), and
Howe Sound Pulp and Paper Ltd. for their support. The authors are also
grateful to Dr. Richard Kerekes for technical assistance, and Drs. James
Olson and Mark Martinez for providing access to the flow loop facility.

Notation

Cj ¼ salt concentration in side stream or jet flow, kg/m3

Cm ¼ suspension mass concentration or consistency, %
Cp ¼ salt concentration in main stream or pipe flow, kg/m3

Cv ¼ suspension volumetric concentration
d ¼ fiber diameter, m
D ¼ pipe diameter, m
Dj ¼ injection tube diameter, m
Dr ¼ jet-to-pipe diameter ratio
L ¼ fiber length, m
Lj ¼ injection tube length, m

MFS ¼ mixing index for fully segregated flow defined by Eq. 6, %
Mm ¼ measured mixing index defined by Eq. 5, %
Ms ¼ system mixing index measured in absence of tracer, %
M0 ¼ modified mixing index defined by Eq. 4, %
Nc ¼ crowding number defined by Eq. 3
Qj ¼ volumetric flow rate of side stream, m3/s
Qp ¼ volumetric flow rate of main stream, m3/s

n ¼ number of image pixels
R ¼ jet-to-pipe mean velocity ratio, i.e., Uj/Up

Rej ¼ jet Reynolds number
Rep ¼ pipe Reynolds number
Up ¼ mainstream or pipe velocity, m/s
Uj ¼ side-stream or jet velocity, m/s
x ¼ distance downstream of injection, m
yi ¼ local mixture electrical conductivity, mS/cm
y ¼ average electrical conductivity, mS/cm

Greek letters

DH/L ¼ friction loss, m water/100 m pipe
r ¼ standard deviation of conductivity in tomographic image, mS/

cm
x ¼ fiber coarseness, kg/m
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