DETERMINATION OF FILTRATION CHARACTERISTICS OF POWER-
LAW NON-NEWTONIAN FLUIDS-SOLIDS MIXTURES
UNDER CONSTANT-PRESSURE CONDITIONS

TosHirRo MURASE, Eur IRITANI, Jun Hyung CHO
AND MomPEI SHIRATO

Department of Chemical Engineering, Nagoya University, Nagoya 464

Key Words:

Solid Liquid Separation, Filtration, Non- Newtonian Fluid, Power Law Fluid, Constant

Pressure Filtration, Filtration Area, Specific Filtration Resistance, Porosity, Compression

Permeability Cell, Newtonian Fluid

Filtration characteristics of power-law non-Newtonian fluids-solids mixtures are investigated by use of a
specially designed filter having a hole at the top of the filter chamber. On the basis of the principle of sudden
reduction in filtration area of the cake surface, a method is developed for determining such overall filtration
characteristics as the ratio m of wet to dry cake mass and the average specific filtration resistance y,, for power-law
fluids. Analytical equations are derived for correlating the overall filtration characteristics with the point or local
values in filter cake. The compression-permeability characteristics, which are essential to the theoretical analysis of
the mechanism of filtration within compressible filter cake, are evaluated on the basis of the overall filtration
characteristics obtained under various filtration pressure conditions. It is shown that the results obtained from the
newly developed non-Newtonian filtration technique are in good agreement with those obtained from conventional
C-P (compression-permeability) cell measurements and Newtonian filtration experiments.

Introduction

Filtration of non-Newtonian fluids—solids mixtures
has become increasingly important in such widely
divergent fields as the petrochemical and food proc-
essing industries. In recent years, the flow mech-
anism of filtration of power-law fluids—solids mix-
tures has been analyzed in view of the flow of non-
Newtonian fluids through granular beds.®™® In pre-
vious papers,”!119721) 3 more accurate non-New-
tonian filtration theory applicable to compres-
sible cake materials has been developed in con-
sideration of the distributions of porosity and hy-
draulic pressure in cakes for evaluating the character-
istics of both unidimensional and non-unidimensional
filtration under constant-pressure, constant-rate and
variable-pressure-variable-rate  conditions.  Both
overall filtration characteristics and internal struc-
tures of the filter cake can be reasonably analyzed on
the basis of experimental data of the equilibrium
porosity and the specific flow resistance of the com-
pressed cake in the C-P (compression-permeability)
cell.! ~#13:16.18) However, this technique may be rath-
er tedious and time-consuming for industrial prac-
tice. It would be desirable to develop simple and
precise test methods based on constant-pressure fil-
tration experiments with non-Newtonian fluids.
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In the previous paper,'” accurate values of the
ratio m of wet to dry cake mass and the average
specific filtration resistance o, of filter cake were
determined from actual filtration experiments with
Newtonian fluids, using a filter having a hole at the
top of the filter chamber, on the basis of the sudden
reduction in filtration area of the cake surface. Based
on the experimental data relating m and o,, to the
filtration pressure, a method has been developed for
determining the local porosity ¢ and the local specific
filtration resistance « as functions of the local solid
compressive pressure p,.

In this paper, the analytical equations derived in
the previous paper'® are modified and a simple
method based upon constant-pressure filtration ex-
periments is presented for the determination of the
filtration characteristics of non-Newtonian fluids. The
filtration characteristic values obtained by the newly
developed method are compared with experimental
data of both the conventional C-P cell measurements
and filtration of Newtonian fluids.

1. Experimental Apparatus and Procedure

The experimental apparatus is essentially the same
as employed in the previous study.'® The heights # of
the filter chamber range from 1 to 3cm. A disk with a
hole having a diameter D, of 1.2cm is placed on top
of an inserted cylinder: with an inner diameter D of
4 cm. The ratio of the area of the hole to the medium



area is 0.09. Non-Newtonian fluids used in this study
are 0.35wt%, sodium polyacrylate-deionized water
solutions, which can be treated as typical power-law
fluids over the whole range of shear rates that may be
encountered in these experiments. Hyflo Super-Cel is
added to the polymer solutions with a solid con-
centration of 0.15 by weight. After the slurry is
poured into the filter, constant-pressure filtration
experiments are carried out by applying air pressures
of 49 to 392 kPa, and the variations of filtrate volume
with time are measured.

The same filtration experiments are conducted for
the slurry prepared by suspending Hyflo Super-Cel in
glycerin, which can be treated as Newtonian fluid.
Compression-permeability tests are also conducted,
using a slurry of Hyflo Super-Cel-deionized water
mixture.

2. Overall Characteristics of Non-Newtonian Filter
Cake

Filter cake steadily grows parallel to the filter
medium as illustrated in Fig. 1(a) as soon as the
filtration starts. The power-law model for the filtrate
flow is represented by

=Ky~ (n

and the filtration rate u, can be written as!®

dO\Y _(1\¥  Ky,ps
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where 7 is the shear stress, K the fluid consistency
index, y the shear rate, N the flow behavior index, 0
the filtration time, v the filtrate volume per unit
medium area, y,, the average specific filtration re-
sistance for power-law fluids, -p the density of the
liquid, s the mass fraction of solids in slurry, p the
applied filtration pressure, and v,, the fictitious filtrate
volume per unit area. The ratio m of wet to dry cake
mass is related to the thickness L of the filter cake and
the filtrate volume v in the form'?

Py
Ps ( 1— 8av)

where p, is the true density of solids, and ¢,, the
average porosity. Such overall filtration characteris-
tics as m and y,, can be determined from the calcu-
lations based upon constant-pressure filtration data
by Egs. (2) and (3).

After the filter cake builds up to the underside of
the disk, the subsequent filter cake forms only inside
the hole in the disk and the surface area of the cake
drops suddenly from the area of the medium to
the area of the hole as indicated in Fig. 1(b).
Consequently, the filtrate flows only through the
portion of cake under the hole. The sudden change of
filtration area causes a decrease in the filtration rate.
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Fig. 1. Mechanism of measurement of filtration charac-
teristics

Thus, the relation between (d0/dv)¥ vs. v deviates
markedly from that represented by Eq. (2). The
filtrate volume v, at the transition point being known,
the value of m can be calculated by using # in place of
L as the cake thickness and v, as v in Eq. (3). The
value of y,, can be obtained from Eq. (2) by using
both the value of the slope in the first stage of (d6/dv)"
vs. v and m-value.

3. Local Values of Filtration Characteristics

The filtration characteristics of local specific fil-
tration resistance (y for power-law fluids, « for
Newtonian fluids) and local porosity ¢ are essential to
the analytical investigation of local cake conditions as
controlling the overall filtration behavior. Knowing
the experimental data of y,, and m vs. p, one can
determine the values of 7, « and ¢ as mentioned below.

The average specific resistance y,, for power-law
fluids is generally represented in the form!?-29

Y(u\ (@)  p—pn
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o dps

0 Y
where u is the apparent liquid velocity relative to
solids, @ the net solid volume per unit medium area
lying from the medium up to an arbitrary position in
the cake, w, the net solid volume of the entire cake per
unit medium area, and p,, the local hydraulic pressure
on the medium surface. The local specific resistance y

for power-law fluids is defined by!'®:2®
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where ¢ is a geometric constant that depends upon the
cross-sectional shape of the flow path, T the tor-
tuosity, k Kozeny’s constant, S, the effective specific
surface of solids, and « the local specific filtration
resistance which is conventionally used for
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Newtonian fluids. On the assumption that the flow
rate u can be approximately regarded as constant
through the entire cake and that p,, is negligible, Eq.
(4) reduces to

p
’yau=#_ (7)
J‘ ;dps
o7
Differentiating Eq. (7) with respect to p, one gets
_ Vav
T dny,) ©
d(ln p)

Equation (8) can be used to relate y to p, on the basis
of the empirical relationship between y,, and p. For
practical purposes, it may be possible for y to be
approximately evaluated by use of a power function.
The 7y, o and e-values depend upon the local solid
compressive pressure p, within filter cake. To relate o
and & to p, by means of empirical formulas, the
following power functions have been utilized for
moderately compressible solids.?? =24 ’

a=ayp ©)
e=Ep; * (10)
1—e=Bp# (11)

where oy, n, E, A, B and B are empirical constants.
While it may not seem consistent to represent both ¢
and (1—¢) as different power functions of p,, the
relatively small variations in porosity permit the data
to be accurately rectified by Egs. (10) and (11).
Substituting Egs. (9)-(11) into Eq. (5), one gets

y=7.pt (12)
where
CJIHEN N TREN MR
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l=~2—{(n+/1+ﬁ)N+(n—/1—ﬁ)} (14)

Below some low pressure p; the value of y is assumed
constant. On the assumption that p; is negligible,
substitution of Eq. (12) into Eq. (7) leads to

Yar=71(1=1)p' (15)

The values of 7, and / can be determined from a
logarithmic plot of y,, vs. p in accordance with Eq.
(15). ‘

Formulas for porosity calculations depend upon
the basic flow equation for power-law fluids through
compressible porous media, which is given by'?*?

N 1 dp,

S TR =9 dx (16)
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where x is the distance from the medium. If L is the
cake thickness, the average porosity ¢,, of the cake is

defined by
0
E_J sdx——l—J 5’° dp, (17)

S

The derivative (dx/dp,) can be obtained from Eq. (16)
and substituted in Eq. (17) to yield

ML ESNL Y (18)
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If the local flow rate u is approximately uniform
through the filter cake, the filter cake thickness can be
given in the form of

L= ["an. [ ~on} | (kp)

from integration of Eq. (16) and substituted in Eq.

(18) to yield
j ? dp,

Bau=l—w
o N1—¢)

Differentiating Eq. (19) with respect to p and re-
arranging with the aid of Eq. (8), the generalized
equation for evaluating ¢ as a function of p; is derived
in the form

d{ln(l - Eav)}

¢—¢,  d(np)
1—¢  d(ny,) (20)
dlnp)

For practical purposes, it may be convenient to
utilize the power function approximation for relating
(1 —¢,,) to p. Substituting Eqgs. (11) and (12) into Eq.
(19), one gets

| BU1=B)

21
w = (21)
The values of fand B(1—/—f)/(1—1)in Eq (21) can
be empirically determined from a plot of In(1 —¢,,) vs.

Inp, and B can be evaluated by use of the prede—
termined value of /. Thus, the relation of ¢ vs. p,can be
calculated by Eq. (11), and from its logarithmic plot
the values of E and / in Eq. (10) can be determined
graphically. The parameters o, and # in Eq. (9), which
are used for calculating the local specific resistance o
of Newtonian filter cake, can be also obtained from
Egs. (13) and (14).

4. Experimental Results and Discussion

The flow curves of filtrate, which were determined
by a cone-and-plate viscometer, are shown in Fig. 2.
The non-Newtonian fluids used in this study exhibit
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Fig. 3. Relation between (d0/dv)" and v

strong characteristics of pseudoplastic fluids.

The experimental values of (d0/dv)Y are plotted
against v with p as the parameter in Fig. 3. The
filtration data yield straight lines in accordance with
Eq. (2) until the cake surface reaches the underside of
the disk. But after the filtrate volume v is beyond the
critical volume v, and the filter cake surface decreases
suddenly, the value of df/dv increases abruptly. The
values of m and ¢,, can be calculated by substituting
the values of both the thickness / of the filter chamber
and the critical filtrate volume v, at the transition
point into Eq. (3). The y,-value can be calculated
from Eq. (2) by using the m-value thus obtained.

In Fig. 4, (1—¢,,) is plotted against p logarithmi-
cally. The linear relation can be obtained in accord-
ance with Eq. (21). In Fig. 5, where a logarithmic
plot of y,, vs. p is illustrated, it can be seen that y,,
varies approximately as a power function of p in
accordance with Eq. (15). The experimental results
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Fig. 6. Effects of v on L and y,,

obtained at various heights 4 of the filter chamber are
plotted in the form of L and y,, vs. v in Fig. 6. It is
apparent that m or ¢,, remains constant irrespective of
L in view of the linearity of L vs. v.*2'7 It is also
clearly indicated that v, remains almost constant
during the course of a constant-pressure filtration.
Therefore, it should be noted that the measurements
of m and y,, are hardly affected by the height / of the
first filter chamber.

In Fig. 7, the solid line represents the e-values
calculated by Eq. (10) on the basis of filtration
experiments with non-Newtonian fluids. For com-
parison, the compression data obtained by C-P cell
measurements and the values based upon conven-
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tional Newtonian filtration experiments are included.
The calculated values compare favorably with the
compression data. In Fig. 8, the permeability data of
Newtonian fluid through the compressed cake in C-P
cell measurements are plotted in the form of o vs. p,.
The values predicted by Eq. (9) on the basis of non-
Newtonian filtration experiments are fairly consistent
with both the permeability data and the filtration data
of Newtonian fluid. The porosity ¢ and the specific
filtration resistance o for the compressed cake are not
influenced by the flow behavior of the filtrate, but
depend only upon the property of the solid materials
which constitute the cake. Thus, it is considered that
the measurements based upon the non-Newtonian
and Newtonian filtration experiments favorably coin-
cide with the C-P cell data.

On the basis of the characteristic values of ¢ and «
obtained from non-Newtonian filtration, theoretical
hydrdulic pressure distributions in non-Newtonian
filter cake are shown in Fig. 9. The solid line in the
figure represents the rigorous calculations, which take
the variation of the flow rate into account, obtained

by20)
w/wy u N Vw
2wl = R
Pr _ fo (”1) ! (‘%) (22
")) |
o \Uy Wy

[ )
Y 0 Uy Wy
j - = 23
TETEE
o 7 o \U1 W
where p; is the local hydraulic pressure. The broken
line represents the calculations based upon the follow-
ing relation, which is derived by substituting Eq. (12)

into Eq. (23) on the assumption that the flow rate u is
kept constant.

or
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From the fact that both calculations yield quite close
values, it is considered that the approximation of the
constant flow rate may be valid in the determination
of compression-permeability characteristics from the
experimental results of non-Newtonian filtration. The
dot-dash-line and the diagonal line in the figure
denote the hydraulic pressure distributions in
Newtonian filter cake and incompressible cake, re-
spectively. The figure indicates that hydraulic pressure
in cake decreases with decreasing N and this results in
lower-porosity cake as previously reported.'®’

To verify the wvalidity of the compression-
permeability characteristics obtained from non-
Newtonian filtration experiments, the predicted val-
ues based upon these data are compared with experi-
mental results for Newtonian filtration.!*!> The
reciprocal flow rate df/dv is plotted against v in Fig.
10. The solid line represents the values calculated by
setting N as unity, y,,, as o, and K as the viscosity u of
Newtonians in Eq. (2).

Conclusion

Filtration experiments of power-law non-New-
tonian fluids-solids mixtures were conducted under
constant-pressure conditions, using a test filter equip-
ped with a disk having a hole on top of the filter
chamber. The ratio m of wet to dry cake mass and the
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average specific filtration resistance y,, of non-
Newtonian filter cake were evaluated on the basis of
the principle of sudden reduction in filtration area of
the cake surface. By using m and y,, obtained under
various filtration pressures, a method has been de-
veloped for determining local values such as ¢ and « as
functions of p,. The filtration characteristic values
nearly coincided with those based upon both
Newtonian filtration experiments and C-P cell
measurements.
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Nomenclature
B = constant defined in Eq. (11) [kg~# mf s?#]
D = inner diameter of inserted cylinder [m]
D, = diameter of hole [m]
E = constant defined in Eq. (10) [kg* m %5724
h = height of filter chamber [m]
K = fluid consistency index [Pa-s"]
k = Kozeny’s constant 1]
L = cake thickness [m]
! = constant defined by Eq. (14) [—]
m = ratio of wet to dry cake mass [—]
N = flow behavior index [
n = exponent defined by Eq. (9) [
y4 = applied filtration pressure [Pa]
i = low pressure below which porosity and

specific resistance are constant [Pa]
PL = local hydraulic pressure [Pa]
Pm = local hydraulic pressure on medium

surface [Pa]
Ds = local solid compressive pressure [Pa]
So = effective specific surface of solids [m™1]
70

s = mass fraction of solids in slurry [—]
T = tortuosity factor [—]
u = apparent liquid velocity relative to solids [m/s]
uy = filtration velocity [m/s]
v = filtrate volume per unit medium area [m]
v, = filtrate volume per unit medium area

collected until cake surface reaches

disk with hole [m]
Uy = fictitious filtrate volume per unit area [m]
x = distance from medium [m]
o = local specific filtration resistance for

Newtonian fluid defined by Eq. (6) [m/kg]
oy = constant defined in Eq. (9) kg™ "m!*ns?"]
[ = average specific filtration resistance for

Newtonian fluid [m/.kg]
B = exponent defined by Eq. (11) 1]
y = local specific filtration resistance for

power-law fluid defined by Eq. (5) [m?~V/kg]
o = constant defined by Eq. (13) [kg™!'m?~N*ig?]
Vav = average specific filtration resistance for

power-law fluid defined by Eq. (4) [m?~V/kg]
7y = shear rate [s71]
€ = local porosity [—]
Eap = average porosity defined by Eq. (17) [—1
0 = filtration time [s]
A = exponent defined by Eq. (10) [—]
u = viscosity of Newtonian fluid [Pa-s]
¢ = geometric constant depending on cross-

sectional shape of flow path [—]
0 = density of liquid [kg/m?]
Ps = true density of solids [kg/m?]
T = shear stress [Pa]
w = net solid volume per unit medium area lying

from medium up to an arbitrary position

in cake [m]
Wy = net solid volume of entire cake per unit

medium area [m]
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