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The miscible displacement of aqueous lignin solutions (model black liquor) by water
from beds formed from glass beads was studied as a function of the presence of cationic
polymer in the wash water, bed structure, lignin concentration, and superficial flow rate.
The displacement behaviors in homogeneous beds formed from fine beads (121 um)
were compared with results of experiments using a channel bed consisting of a bed
formed from fine beads surrounding a channel of coarse beads (638 um) running the
length of the bed in the flow direction. Washing efficiencies, defined as the fraction of
lignin removed when one pore volume of eluate was collected, were 84—93% for ho-
mogeneous beds washed with water compared with 31-33% for the channel bed; the
range in efficiencies reflects the influence of other variables. The presence of cationic
polymer in the wash water enhanced the washing efficiency by 1.7 to 2 times with a
corresponding 20 to 35% decrease in the permeability of the central channel in the
channel bed. The improved washing with polymer was due to selective plugging of the
central channel with precipitate formed from complex formation between anionic lignin
in the black liquor and the cationic polymer. Breakthrough curves obtained from 12
microconductivity probes located throughout the bed showed that mixing of lignin solu-
tion (high conductivity) with wash water (low conductivity) in the displacement front, as
expressed by a mixing length, was a maximum in the coarse bead channel and was

decreased when the wash water contained cationic polymer.

Introduction

Brownstock washing is an important unit operation in the
production of kraft pulp. In this operation, aqueous black
liquor containing spent pulping chemicals and partially de-
composed lignin is separated from suspended cellulose fibers
by vacuum drum washers. A fiber pad is formed on the exter-
nal surface of a screen-covered washer drum and wash liquor
is sprayed on top of the pad. A vacuum in the interior of the
drum draws the wash liquor through the pad, displacing the
black liquor from the fiber pad. The displacement washing
efficiency of many commercial brownstock washers can be
low. It was proposed that poor displacement washing is a re-
flection of nonuniform fiber pad formation which, in turn,
gives premature breakthrough of wash liquor and air through
the most permeable parts of the bed (Crotogino et al., 1987;
Lee, 1984). Recent laboratory displacement studies support
this theory (Dahllof and Gren, 1996).
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Lee (1984) reported that displacement washing efficiency
was improved by dissolving low concentrations of very high
molecular weight water soluble polymers. Lee’s work found
little commercial application, because the polymers which
gave the best washing efficiency had a high extensional vis-
cosity which lowered the wash water flux through the pad,
thus reducing production rates.

Li and Pelton (1992) proposed that displacement efficiency
in brownstock washing could be improved by the addition of
low molecular weight cationic polymer to the wash liquor.
This proposal was based on laboratory experiments using a
model packed bed of fine beads surrounding a channel of
coarse beads extending the length of the bed in the direction
of flow. The coarse bead channel thus represents high per-
meability regions in a fiber pad. The beds were initially satu-
rated with black liquor, and displacement washing experi-
ments were conducted with and without cationic polymer. Al-
though the experiments were crude, it was clear that polymer
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addition improved washing efficiency with no measurable
change in flux. In subsequent visualization studies using a
transparent flat cell, Pelton and Grosse (1994) reported that
lignin and cationic polymer precipitates formed selectively in
the high permeability channel. It was proposed that the pre-
cipitates lower the rate of wash liquor loss through the high
permeability channel, giving better washing. Recently pub-
lished resuits from plant trials have confirmed that it is possi-
ble to improve washing efficiency by adding cationic polymer
to the displacement washing liquor (Lappan et al., 1997).
This work describes the results of more extensive displace-
ment washing studies using the channel bed. The objective
was to obtain an accurate database describing the influence
of cationic polymer, bead size, lignin concentration and flow
rate on the displacement washing of black liquor from chan-
nel beds. The new apparatus included 12 microconductivity
probes to track the displacement front through the bed, as
well as pressure and flow rate transducers. The contributions
of the four variables were evaluated in a design experiment.
The results from this work are compared with a semi-em-
pirical model in a subsequent publication (De et al., 1997).

Experimental Studies

Table 1 summarizes the properties of the three model black
liquor (MBL) solutions and two polymer solutions used in the
displacement studies. MBL was prepared by dissolving in 0.1
N NaOH in Indulin C, which is a mixture of sodium salt of
lignin (80-90%) and sodium carbonate (10-15%), was sup-
plied by Westvaco, SC.

The polymer, Percol 1697 (Allied Colloids (Canada) Inc.),
was a 40% aqueous solution of poly(diallyldimethyl ammo-
nium chloride), which is a cationic polyelectrolyte. Polymer
solutions were prepared by mixing Percol 1697 in distilled
deionized water.

The density of the glass beads (Orlick Industries, Hamil-
ton, Ont.) was approximately 2.5 g/mL. The mass average
diameters for No. 3, No. 7 and No. 10 glass beads were 638+
7.9, 182+ 5.6 and 121 +4.3 pm, respectively. The particle-size
distributions of the beads are available (De, 1996).

The automated displacement washing apparatus is shown
in Figure 1. Details of the fabrication of the apparatus are
reported elsewhere (De, 1996). The displacement washing cell
was built by modifying a 5.2-cm-ID and 30-cm-long commer-
cial aqueous-compatible glass chromatography column, sup-
plied by Supelco Canada Ltd. (catalog No. 5-7809). A 5.2-cm-
dia. perforated stainless steel screen was placed at the bot-
tom of the column to support the bed inside the column. The
stainless steel screen (Type No. 80 P) was supplied by Paper

Table 1. Physical Properties of Various MBL and Polymer

Solutions at 25°C*

Conc. Density Viscosity

Solutions  (g/L) pH (g/mL) (mPa-s)

MBL 25 12.35+0.004 1.007+0.0002 1.17+0.03
MBL 13.75 12.5+0.003 1.003+0.0002 1.06+0.006
MBL 25 12.56+0.006 0.9991+0.0003 1.05+0.012

Polymer 294 5.27+0.02 0.996 +0.0007 32+40.05
Polymer 14.7 5.21+0.005 0.9954+0.006 2.24+0.045

* - .. -
The error limits are two standard deviations of mean values from tripli-
cate experiments.
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Figure 1. Displacement washing apparatus.

Research Materials, Camas, WA, The screen hole diameter
was 120 pm which is a U.S. mesh equivalence of 80. The
open area on the screen was 14.5%.

Conductivity measurements were used to characterize the
washing. The conductivity of the MBL solutions was 14
mS/cm compared with 3.7 mS/cm for the polymer solution
and 0.002 mS/cm for the water. De (1996) showed that eluate
conductivities were proportional to the lignin concentration
measured by UV spectroscopy. The eluate stream conductiv-
ity was measured with a flow through cell (Model CDC114,
Radiometer, Copenhagen). Conductivities in the bed were
measured with twelve conductivity probes based on 0.165-cm-
OD syringe barrels which were fed through the holes in the
wall of the column at four axial positions, that is, at 5.3, 9.4,
15.3 and 21.4 cm from the bottom screen of the column. At
each of the four axial positions, one probe was placed in the
annulus (0.7 cm from inner wall of column), one near the
interface of fine and coarse beads (2.2 cm from inner wall of
column), and the third at the center of the column (2.6 cm
from inner wall of column). The location where the probes
entered the column at each axial position were at 120 degree
intervals. Control experiments confirmed that the probes did
not have a significant effect on the flow properties of the bed
(De, 1996).

Eluate conductivity values were made dimensionless using
the following the relation

c,—-C, a
€™ Cmbl - Cw

where C,, C,,,;, and C,, were the conductivities (ohm~!-m™!)
of the eluate at any time ¢ (s), initial conductivity of the MBL
in the bed, and conductivity of the wash liquor, respectively.
¢ is dimensionless conductivity. The same approach was used
to convert conductivity data measured by probes in the bed
to dimensionless concentrations.

Displacement washing experiments were conducted under
conditions of constant flow rate. Wash liquor (water or poly-
mer solution) was pumped through the cell with a Masterflex
7,550-60 peristaltic pump head (Cole Parmer, Chicago) fitted
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with a 9-mm-OD, 7-mm-ID Tygon tubing. The eluate flow
rate was computed from eluate mass/time data recorded by
the Mettler PM 16 balance. The maximum Reynolds number
based on particle diameter was 1.15 indicating that all the
experiments in the design were conducted in the laminar flow
regime (Bear, 1972).

To prepare homogeneous beds, the empty cell was par-
tially filled with the MBL solution and glass beads (708 g)
were then poured slowly into the washing cell and the cell
was tapped frequently to remove air bubbles trapped inside
the suspension. The glass beads were allowed to settle, and
the height of the bed and final level of MBL in the column
were recorded. These values were used to calculate the void
volume in the bed. A second screen, identical to the bottom
one, was carefully placed at the top of the bed in order to
protect the bed from any disturbances. The conductivity
probes were inserted into the bed through the side ports of
the cell. Finally, a solid plunger with an axial channel for
fluid flow was lowered and secured above the top screen.

The bed was conditioned for five minutes by pumping the
MBL at a rate of 230 mL/min through the cell. At the end of
conditioning, it was ensured that each probe registered the
correct conductivity value of the MBL solution inside the bed
and the plunger was removed. MBL was pumped from the
cell until the liquid level touched the top screen. A 2-cm layer
of 6-mm-dia. glass beads was formed on the screen at the top
of the bed in order to distribute the wash liquor uniformly at
the entrance of the bed. Wash liquor was poured slowly on
the top of the bed, minimizing any mixing of MBL with wash
liquor. The plunger was carefully fitted on the top of the bed,
removing any voids between the plunger and 6 mm diameter
glass beads.

Channel beds, consisting of a 1.7-cm-dia. central core of
either coarse or medium glass beads surrounded by an annu-
lus of fine glass beads, were prepared by the following proce-
dure. A 1.7-cm-OD and 1.5-cm-ID glass tube was placed in
the empty cell down the center axis. After partially filling the
cell with the MBL solution, coarse beads (78.5 g) were slowly
added inside the central glass tube and fine beads (658.5 g)
to the annulus. While adding the beads, the cell was tapped
frequently to drive out any air bubbles from the suspension.
The glass tube was taken out of the cell vertically and very
slowly to minimize any mixing of glass beads at the interface
of the two kinds of beads. A procedure similar to that de-
scribed for forming homogeneous beds was followed from that
point onwards.

A miscible displacement experiment was started by pump-
ing wash liquor into the cell at a constant flow rate, and the
pressure drop across the cell was measured by the Celesco
differential pressure transducer (Model DP30-0001-11) which
was logged at 0.05 s intervals with the eluate and probe con-
ductivities.

The dimensionless time, ¢, was defined as the ratio of vol-
ume of wash liquor injected into the cell up to any time ¢ to
the initial volume of MBL in the bed and is defined as

1Q

td=m )

where Q is the volumetric flow rate (m%/s) of the wash liquor,
A is the area of bed normal to flow (m?), £ is the length of
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the bed (m), and € is the initial porosity of the bed (dimen-
sionless).

The washing efficiency (WE) (dimensionless) of a displace-
ment run is defined using the following relation given by Trinh
et al. (1989)

Egﬂg)

WE = ——
Lgﬂg)

The numerator in Eq. 3 represents the amount of lignin that
was removed from the bed when the volume of wash liquor
injected into the washing cell was equal to one displacement
volume of the bed. The denominator represents the total
amount of lignin that could be removed from the bed, when
washing was completed.

The permeability K (m?) of a bed after complete washing
was computed from Darcy’s law as

_Qut
ST AAP

@

where AP was the steady-state pressure drop (Pa) across
the bed and the screens minus the corresponding pressure
drops across the screens when no beads were present. u is
the viscosity of fluid (Pa-s).

Results

Figure 2 shows typical breakthrough curves for homoge-
neous and channel beds, with and without polymer. The ho-
mogeneous beds displayed a single breakthrough and there
was little difference between washing with water or polymer
solution. The channel beds displayed a double breakthrough.
The first at dimensionless time (¢,) ~ 0.25 reflected displace-
ment of model black liquor from the center channel. The sec-
ond breakthrough corresponded to wash water exiting from
the fine bead annulus. The presence of polymer in the wash
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Figure 2. Breakthrough at the exit of beds for various

displacement washing experiments.

Concentration of lignin in MBL was 25 g/L. and flow rate
was 230 mL/min.
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Figure 3. Pressure drop against dimensionless elution
time for various displacement washing experi-
ments.

Concentration of lignin in MBL was 25 g/L and flow rate
was 230 mL/min.

water had a significant influence on the displacement behav-
jor. With polymer in the wash water, the second break-
through was at a t, of ~ 1.5 compared with 3.5 without poly-
mer. Also, the “plateau concentration” between the first and
second breakthrough was much higher with polymer. A higher
value for the plateau concentration corresponds to a lower
dilution of MBL in the eluate with wash water from the cen-
ter channel.

The washing experiments were conducted at constant flow
rates, and corresponding pressure drops across the column
during washing are shown in Figure 3. The initial pressure
increase for all curves corresponded to the pump achieving a
constant volumetric flow. The steady-state pressure drop was
highest in a homogeneous bed washed with the polymer solu-
tion reflecting the low permeability of the fine bead bed and
the higher viscosity of the polymer solution (see Table 1).
The small amplitude pressure oscillations were caused by the
pulse flow characteristics of the peristaltic pump. The shape
of the pressure profiles partially reflects the fact that water
was less viscous than MBL, whereas the polymer solution was
more viscous than MBL (see Table 1). Thus, in the homoge-
nous water case the pressure drops as viscous MBL is re-
placed by less viscous water at a constant flow rate. Also, the
presence of precipitate formed with polymer contributed to
the pressure drops.

The main features shown in Figure 2 have been reported
before using less sophisticated measurements (Li and Pelton,
1992). The following section describes the influence of exper-
imental variables on the displacement behavior of the chan-
nel bed based on an experimental design.

Experimental Design

The effects of four variables on miscible displacement be-
havior of MBL were studied. The variables were: the concen-
tration of lignin in the MBL; the concentration of cationic
polymer in the wash liquor; the flow rate of the wash liquor;
and the permeability of the center channel which was con-
trolled by the selection of the diameters of glass beads in the
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Table 2. Conversion of Experimental Variables to
Dimensionless Variables Linearly Transformed to
be Between + 1 for the Regressions Analysis™

High Central Low

Variables Notation =+1 =0 =-1
Conc. of Lignin (g/L) L 25 13.75 25
Conc. of polymer (g/L) P 294 147 0
Flow rate (mL/min) F 230 130 30

Dia. of beads in channel ( um) D 638 182 121

*For example, for a 25 g/L lignin solution, L =1 whereas L = —1 for a
2.5 g/L lignin concentration.

center channel of the model beds. The variables were tested
at two levels, given in Table 2, using a two level factorial
experimental design. An experiment at the center of the lev-
els of the variables was also performed to examine the non-
linear behavior of -the response. For analysis, the values of
each variable were encoded; the center value was 0 and the
extremes were +1 and — 1 (see Table 2).

Each of the 17 sets of experiments were run in triplicate to
give a total of 51 runs. The design matrix and the random
order in which all the runs were performed are reported in
Table 3.

Washing efficiencies and permeability values were calcu-
lated from the-breakthrough curves and pressure drop pro-
files, respectively, and are reported in Table 4. Multiple re-
gression analysis was performed and the details are described
by De (1996). Stepwise regression generated the coefficients
summarized in Table 5. The definition and units of the vari-
ables are summarized in Table 2. Plots of the residuals against
run numbers (not shown, De, 1996) were randomly dis-
tributed about 0, and all residuals were within three standard
deviations of the regression.

The factors influencing washing efficiency are illustrated
by the contour plots shown in Figure 4. Four plots show lines
of constant washing efficiency plotted as functions of bead

Table 3. Design Matrix of 24 Factorial Design with an
Experiment at Center and with Three Replicates of Each

Experiment™
Flow Rate Bead

Exp. Conc. Conc.of  of Wash Size in Order
No. ofLignin Polymer Liquor Channel  of Runs
1 - - - - 12,3,35
2 + - - - 48,20,27
3 - + - - 43,2,28

4 + + - - 14,22
5 - - + - 36,31,44
6 + - + - 5,34,47
7 - + + - 39,14,38
8 + + + - 17,33,51
9 - - - + 19,13,37
10 + - - + 46,23,40
1 - + - + 25,15,9
12 + + - + 26,49,24
13 - - + + 7,45,16
14 + - + + 18,10,8
15 - + + + 30,41,29
16 + + + + 32,11,21
17 c [ c c 50,42,6

*(=), (+), and (c) denote low, high, and central levels of variables.
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Table 4. Responses Evaluated for the 24 Factorial

Experimental Design*
Response 2 (K)
Exp. Response 1 (WE) Permeability X 1078 {(cm?)
No. Washing Efficiency After Washing

1 0.940U2,0.917,0.9243% 10.242,9,1® 8 4169

2 0.92749,0.91729 0,923¢7 6.28®) 8 9629 8 7627

3 0.925143 0,945 0.939¢8 6.66%3,8.542)7.1428)

4 0.941,0.930¢),0.939@2) 8.28() 8,234 8 28(22)

5 0.85399,0.86041,0.811¢4 7479976301 6 5144

6 0.849°9,0.8504%,0.819¢7 8.726,8.2564 7 02¢47

7 0.760%,0.810U44,0.7776® 6.389,6.82(14 6 4738

8 0.79417 0,78633,0.7906D 7.67,8.26% 7 6461

9 0.332019,0,33403) 09,3126 35.8(9) 36,503 35 767
10 0.318149) 0,31@3) 0 31260 34.7140) 35@3) 35 2(40)
11 0.541%9 0.6314,0.565® 33.6@% 34,749 32 6
12 0.6429,0,632¢49,0.637%% 23.539 20,7¢49,23 924
13 0.336'2,0.333¢49,0,318U 33.8(,33,749 34 448
14 03148 0,33719 9,312 32.208) 31,619 29 1®)
15 0.52849 0,511¢Y 0.514@" 31.649,25.44D 31 7@
16 0.57432,0,58011,0,574@D 20.262 28,901 25 621
17 0.8739,0.86142,0.84© 5.0609),5.4442) 4,61€)

*Numbers in the parentheses indicate the order in which runs were car-
ried out.

diameter and polymer concentrations for each combination
of lignin concentration and eluant flow rate. The center
channel bead diameter D (dimensionless) dominated washing
efficiency. When fine beads were used in the center channel
(D = —1) giving homogeneous beds, washing efficiencies were
high (> 0.8). By contrast, more permeable center channels
(D =1) gave low washing efficiencies. Polymer addition in-
creased WE for constant D values > —0.5. The polymer was
most effective at improving washing when the lignin concen-
tration (dimensionless) was high (L =1), and the flow rates
were low (F = —1).

Bed permeability values were calculated from pressure
drop/flow rate data at the end of the washing experiments.
Figure 5 shows K, contours as functions of the concentra-
tions of polymer and lignin. As expected, the dominant pa-
rameter was the diameter of the center channel beads. Large
beads D =1 gave permeability values of 2.5x 107! to 3.5%
10~ m?, whereas the fine bead center channels values were
a factor of three less. Furthermore, conditions corresponding
to polymer/lignin precipitate formation (that is, going from
lower left to upper right on the D =1 curves) gave the lowest

Table 5. Multiple Regression Relating Washing Efficiency
and Bed Permeability to L, D, P and F

Terms in WE Coeff. Terms in K Coeff.
Reg. Eq. for WE Reg. Eq. for K
Constant 0.857667 Constant 1.042

D -0.211104 D 0.2604
P+D 0.069146 D? 1.074
P 0.058563 P 0.2604
L? ~0.19685 P+D 0.2604
F —-0.036396 L+D 0.2604
F*D 0.022271 L 0.2604
P+F ~0.016479 L*P+D 0.2604
L*P 0.009563 F 0.2604
L*P+D 0.007729 L+*P+xF+D 0.2604
L 0.005979
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Figure 4. Constant washing efficiency as functions of
bead diameter and polymer concentrations for
different combinations of lignin concentra-
tions and eluate flow rate.

permeability. By contrast, the permeabilities in the homoge-
neous beds (D = —1) were rather insensitive to polymer and
lignin concentrations.

The channel beds showed ~ 30% decrease in permeability
when the concentrations of lignin and polymer were high. In
previous work with a thin, flat, transparent cell, precipitates
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Figure 5. Constant bed permeability as functions of
polymer concentration and lignin content cal-
culated from the regression equation (Table
6).

Different combinations of flow rate and center channel bead
diameter are shown in the four plots.

were observed to form in the center channel (Pelton and
Grosse, 1994). The results in Table 5 confirm that the precip-
itates influence the permeability properties of the beds.

Characterizing the Displacement Front

Twelve microconductivity probes were placed in the bed to
monitor the passage of the displacement front. Three probes
were placed at each of four axial (horizontal) planes. At each
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Figure 6. Breakthrough collected by groups of three
probes located at four axial positions in a ho-
mogeneous bed of fine beads.

See Figure 2 for details of probe positions.

axial position, one probe was near the wall, one probe was in
the center, and the third probe was near the interface be-
tween the two types of beads. Each probe generated a break-
through curve and examples of results from a homogeneous
bed of fine beads are shown in Figure 6. The displacement
front passed by the first set of three probes simultaneously.
By contrast, the front passed the three probes in the last layer
at different times. The reasons for the initial fluctuations in
the microprobe conductivity results are not known.

Probe data were used to measure the rate at which the
displacement front moved in the annulus and the center of
the channel bed. Figure 7 shows the dimensionless break-
through times as a function of probe distance from the top of
the bed for runs with and without polymer. The plotted points

4
Probe Data From Channel Bed
3}k
g Water
" Annulus Polymer
(&) 2r \ Annulus
®
-
1F Both Fluids in
/ Centre Channet
0c 1
0 0.2 0.4 0.6 0.8 1
Xq

Figure 7. Breakthrough times (t, at ¢ = 0.5) vs. dimen-
sionless distance of the probes from the top
of the channel bed.

Data points are average of three experiments and the error
bars correspond to 2 standard deviations of the mean. The
wash liquor flow rate was 230 mL/min and the lignin con-
centration was 25 g/L.
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are the average of three experiments, and in all cases the
results were linear. The displacement front traveled quickly
through the center channel and the polymer had no signifi-
cant effect. Previous flow visualization work with a flat cell
geometry showed that precipitates formed slowly in the cen-
ter channel mainly after breakthrough had occurred (Pelton
and Grosse, 1994). By contrast, the times for the displace-
ment front to pass the annulus probes were about twice as
long with water displacement than with polymer displace-
ment. Furthermore, the polymer/annulus data, although lin-
ear, did extrapolate to the origin (y intercept was at ¢, = 0.1).
Initially, the polymer front should move at approximately the
same rate as the water case. However, as precipitate forms,
the permeability of the center channel decreases giving a
lower slope. The results in Figure 7 indicate that the center
channel permeability is reduced before the front reaches the
first probe (¢, < 0.25), which is long before precipitates were
observed to form in flat cell experiments (Pelton and Grosse,
1994).

The entire set of probe data for the coarse bead channel
bed are summarized in Table 6, which gives the slopes of the
lines fitted to the breakthrough time vs. position data. The
slopes are the inverse of the dimensionless flow front veloci-
ties. In the last section it was shown that the washing effi-
ciency in channel beds with polymer was better when the
lignin concentration was high. The results in Table 6 confirm
that the displacement front moved more quickly (lower slope)
when the lignin concentration was high.

In general, the slopes from the interfacial probes were close
to the annulus values. The transition zone between the coarse
and fine beads could be as thin as 2 coarse bead diameters so
it was unlikely that probes could be located accurately within
the transition zone. Video microscopy was used to observe
directly the transition zone during a displacement washing
experiment. For this work, it was necessary to use a flat cell
in which the coarse bead channel spanned the cell width ren-
dering the mixing zone visible through the transparent cell
wall. Initially, some fine beads, next to the coarse ones, were
observed to move in flow and lodge in the spaces around the
large beads which would tend to lower permeability. Poly-
mer/lignin precipitated complex particles were observed to

Table 6. Slopes and Correlation Coefficients (R2) of Lines
Regressed through Breakthrough Times as a Function
of x, for Conductivity Probes in the Bed*

Concentration Concentration
Type of Bed
and Location @5 g/L) 25g/L)
Wash Liquor  of Probe  (slope)™! R?>  (slope)~! R?

Homogeneous Bed

Probe
Positions

Annulus ]
\Inten‘ace Height of bars represents

l Center mixing length

SE% N RN
R liA ..... ; - l
A [‘ 1 1 IO
ST S I R S <8 = M0 Scalof
= ' 3 | *  mixing length
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_ 1 L Screen
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Figure 8. Mixing lengths of fronts in model beds during
displacement washing experiments.

“Fine” refers to homogenous beds of fine beads. The wash
liquor flow rate was 230 mL/min, and the concentration of
lignin was 2.5 g/L.

deposit onto the large beads, and to be filtered in pore throats
in the transition zone and in the coarse bead channel. There
was no evidence of complex being retained in the fine beads.

The probe data also gave information about the extent of
mixing in the displacement front at the 12 locations in the
bed. Following the approach of Blackwell (1962), a mixing
length was calculated from the probe breakthrough curves by
the following relationship

ty{c=01)—t,(c=0.5)
td(c = 0.5)

X4 %

where x, is the distance of the probe from the top of the bed
divided by total bed length (dimensionless).

The dimensionless mixing lengths are shown in Figure 8
for the two types of beds with and without polymer. For the
homogeneous beds, the mixing lengths at the fronts in the
three radial positions were similar except for the three probes
near the entrance. Thus, the near ideal behavior of the ho-
mogeneous beds obtained from the analysis of the eluate
breakthrough curves is confirmed by the probe data. The
mixing lengths from the final set of probes in the homoge-
neous beds were shorter with polymer than without indicat-

Water Annulus 098 0997 096 0997 ! ' an with
Water Interface 1.06 0.999 1.01 0.999 ing that the polymer solution had a stabilizing influence on
Water Center 1.15 0.998 1.05 0.998 the displacement boundary.
;gggzr Iﬁ?:rlg‘éz 833 8332 ?33 83(9)3 The mixing lengths in the coarse bead center channels were
Polymer Center 1.00 0.998 100 0.999 much longer than in the fine beads. As w1th. the pomog.e-
Channel Bed _ neous beds, the presence of polymer in the displacing fluid
Water Annulus 0.27 0.982 0.25 0.998 shortened the center channel mixing length while increasing
Water Interface 0.28 0.990 027 0.989 the mixing length in the interface region.
Water Center 496 0.913 491 0.903
Polymer Annulus 0.56 0.985 0.44 0.995
Polymer Interface 0.78 0.934 0.63 0.931 Discussion
Pol Cent 2.96 0.706 3.43 0.877 . . . -
Oymer e Previous studies with similar channel beds showed that: (1)
*The flow rate was 230 mL/min. cationic polymer in the wash water improved MBL displace-
AIChE Journal October 3697 Vol. 43, No. 10 2421



ment washing (Li and Pelton, 1992); (2) precipitates selec-
tively formed in the center channel when washing with poly-
mer (Pelton and Grosse, 1994). The proposed explanation of
these results was that the precipitate in the center channel
lowered the center channel permeability which in turn caused
a larger fraction of the total flow to be directed through the
fine beads giving improved washing. The current results sup-
port this explanation. Comparison of channel bed break-
through curves with and without polymer (Figure 2) shows
that the conductivity values of the plateau part of the curves,
between center channel and annulus breakthrough, were
higher in the presence of polymer. Higher conductivity re-
flects a lower fraction of wash liquor in the eluate steam.
Further support for the concept that precipitate formation
in the center channel improves washing efficiency comes from
plotting bed permeability at the end of the experiments (that
is, after precipitate formation) as a function of the corre-
sponding washing efficiency. The results, shown in Figure 9,
confirm that good washing corresponded to lower permeabil-
ities in most cases. The washing efficiencies fell into three
groups. The group around WE =0.325 corresponds to the
channel bed experiments with no polymer, giving high perme-
abilities and poor washing. The washing efficiencies between
0.5 and 0.6 corresponded to polymer with high flow rates or
low lignin concentrations. The very best washing (WE > 0.6)
corresponded to high concentrations of polymer and lignin in
conjunction with a low flow rate. The points marked with
squares in Figure 9 correspond to the three runs of experi-
ment number 11 (L=-~1, P=1, f=~1, D=1), which is
the channel bed with high polymer, low lignin, and low flow
rate. P is the transformed cationic polymer concentration for
regression (dimensionless). This experiment gave good wash-
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Figure 9. Washing efficiencies from the channel bed
(coarse beads) experiments as a function of
the measured overall permeability values of
the beds at the end of the washing experi-
ments.

The data points marked with squares correspond to experi-
ment 11 (see Table 4).
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ing with minimal impact on permeability, which is ideal for a
washing application.

The permeability change in the center channel due to pre-
cipitate formation was estimated by assuming: (1) the chan-
nel bed could be treated as a coarse bead column in paraliel
with a fine bead column with the same cross-sectional area as
the corresponding zones in the channel bed; (2) precipitation
only occurred in the coarse bead column. The second as-
sumption is reasonable based on the observed location of
precipitates in other work (Gross and Pelton) and the fact
that the homogeneous fine bead beds showed little variation
in permeability values (see Table 4, experiments 1 through 8).
Based on this analysis, the highest decrease in overall perme-
ability corresponded to a 35% decrease in the permeability of
the center channel (De, 1996).

The factors influencing precipitate formation (Lappan et
al., 1997) and the reason for selective precipitate formation
in the center channel (Lappan et al, 1996b) have been ad-
dressed elsewhere. In this work, computational fluid mechan-
ics calculations were used to support the hypothesis that ra-
dial pressure differences cause some MBL to flow laterally
from the fine beads into the center channel causing lignin to
mix with cationic polymer solution to form precipitate. Fur-
thermore, it was proposed that the radial pressure drop arose
because the resistance to flow in the zone where the fine
beads met the bottom screen was much higher than the cor-
responding coarse bead/screen interface.

An unexpected finding in this work was that the mixing
lengths for the homogeneous fine bead beds were lower and
washing efficiencies were increased when the wash water
contained cationic polymer (see Figure 8) with no evidence of
precipitate formation. We propose that soluble lignin/ca-
tionic polymer complex formed in the mixing zone giving per-
haps a local increase in viscosity which in turn could inhibit
dispersion of the displacement front.

Conclusions

The presence of a cationic polymer in the wash liquor in-
creased the washing efficiency in a channel bed by 1.7 to 2
times compared with a channel bed that was washed with
water. The improved washing was a result of lignin/cationic
polymer precipitate formation in the high permeability center
channel, which lowered the loss of wash liquor. Cationic
polymer also slightly improved the washing efficiency of ho-
mogenous fine bead beads by inhibiting dispersion in the dis-
placement front. Micro-conductivity probes confirmed the
absence of anomalous flow behavior in the channel bed.
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