A Dual Functional Solid Liquid Separation
Process Based on Filtration and Settling

The dual functional filter combines both the mechanisms of filtration
and settling or decantation. The combined mechanisms of separation per-
mit very high degrees of sludge dewatering; for example, slurries contain-
ing 0.2 wt, 9 gelatinous particles have been dewatered to produce a
sludge of 35 wt. 0}, particles. A mathematical model which includes both
the effects of axial (vertical) variation of pressure driving force and cake
compressibility effects is used in conjunction with experimental data to

evaluate the dual functional filter performance.
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SCOPE

The dual functional filter is a solid-liquid separation
process which employs both the mechanisms of filtra-
tion and settling. The process has the potential for de-
watering slurries of micron sized gelatinous materials
that are difficult to dewater by other methods., The dual
functional filter utilizes vertical, collapsible, porous heses
as a filtration medium. The pressure driving force in this
device is a function of the axial (vertical) position along
the hose. There have been no previous theoretical inter-
pretations of performance data for a dual functional
filter. A mathematical model was developed which in-
cludes both the axial or vertical variation of the pressure
driving force and cake compressibility effects. Related

mathematical models have been published by Tiller (1972)
and by Holland and Woodham (1956) which include
the variations in pressure driving force due to hydrostatic
head for a rotary vacuum filter. Both of these models
were developed for the case of constant cake resistance.
The model which includes both cake compressibility and
pressure driving force variation was used to interpret
experimental performance data for slurries of neutralized
acid mine drainage sludge. These slurries involve par-
ticles which are highly gelatinous and provide a severe
test of the filter performance and the applicability of
the mathematical model to the case of a highly com-
pressible filter cake.

CONCLUSIONS AND SIGNIFICANCE

The performance of sludge dewatering processes which
employ conventional filtration is often limited by both
the degree of dewatering that can be attained and a low
filration rate. This is the usual case when slurries of
micron sized gelatinous particles are being dewatered.
A novel filtration process is discussed here which offers
a solution to both of these problems. The dual functional
filter combines both the mechanisms of filtration and
settling.

A dual functional filter was constructed and operated
which can determine the filtration rate as a function of
axial position along the hose. This permits direct observa-
tion of the influence of the variable pressure driving force
at various positions along the filter hose. A mathematical
model was developed to describe the performance of the
dual functional filter. There have been no previous at-
tempts to model this filter. The model includes the effects
of both the axial variation of the pressure driving force
and filter cake compressibility. The filtration rate data
for neutralized acid mine water sludge are consistent
with the assumption that cake resistance is a power

function of the applied pressure. The model predicts
the experimental data with a maximum deviation of
i15'(70.

Filter cakes formed from lime neutralized acid mine
sludge are compressible; for example, at a feed concen-
tration of 0.2 wt. 9, the specific cake resistance is pro-
portional to AP°S for pressures above 2.1 kN/m?2. The
exponent in this relation would be zero for a perfectly
incompressible cake. The filtration rate increases slowly
with pressure above 40 kN/m2. The model contains three
empirical parameters: the coefficient of specific cake re-
sistance g, the compressibility factor n, and the empirical
pressure constant AP;, which are evaluated from data.

The dual functional nature of the process provides a
very high degree of sludge dewatering. Filtration com-
bined with settling produces sludge of 35 wt. 9,* solids
from a feed with 0.2 wt. 9}, solids. This coupled with the
high filtration rates attained by rapid cyclic operation
of the filter justifies its consideration as an alternative
solid-liquid separation process for micron sized gelatinous
particles.

DUAL FUNCTIONAL FILTER CONCEPT

The dual functional filter employs the mechanisms of
filtration and settling. These two distinct mechanisms
of separation are obtained by using a filter constructed
with a vertical collapsible porous hose, illustrated sche-
matically in Figure 1. The filtration cycle consists of

Correspondence concerning this paper should be addressed to Joseph
D. Henry, Jr.
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three phases: a filtration phase, a dump phase, and a
settling phase.

The filtration phase of the cycle is conducted with
slurry introduction at the top and a valve closed at the
bottom of the hose. The filter cake accumulates on the
interior wall of the hose. Filtrate is removed through

# Volume percent solids are not reported because many different types
of particles are present, The voidage and average specific gravity were
not measured.
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Fig. 2. Slurry and cake regions within the filter.

the porous wall of the hose. The filtration phase of the
cycle is terminated before the solids fill the hose.

The dump phase of the cycle is initiated by closing
the feed valve at the top of the hose and by opening
the valve at the bottom of the hose. The resulting pres-
sure shock causes the cake and feed slurry in the vertical
hose to dump to a receiver. This heterogeneous material
is composed of cake and a dilute slurry; that is, the
cake does not redisperse completely into the interior core
of feed liquid.

The third phase of the cycle consists of settling the
cake that is dumped to the receiver. This heterogeneous
mixture is ideally suited for effective settling and decan-
tation. The decanted slurry has a particle concentration
equal to or greater than the feed concentration. This
occurs owing to the possible redispersion of a portion -
of the filter cake into the interior core of feed liquid
during dumping.

The dual functional filter provides several process
advantages over conventional filtration processes:

1. The rapid cyclic nature of the process produces
very high filtration rates; that is, the filtration cake is not
allowed to accumulate to a large thickness.

2. There is no mechanical device required for cake
removal from the filter hose.
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3. The combination of the filtration and settling mech-
anisms allows very high degrees of sludge dewatering
compared to other processes.

4. Filter aid is not generally required.

5. The simplicity of this filter, that is, the absence
of moving parts or vacuum equipment, should promote
its commercial development.

PREVIOUS WORK

There are extremely limited performance data for the
dual functional flter in the literature. The filter was
invented by Popper and Camirand (1970). Their patent
refers to the device as a Uni-Flow Filter. Page, et al,,
(1972) have obtained sludge concentrations in excess
of 25 wt. 9 solids with 0.1 wt. % solids in neutralized
acid mine drainage sludges. Investigators at Hittman
Associates (1974) have found that flexible porous poly-
propylene hoses offer superior cake dumping character-
istics to hoses constructed, for example, from dacron.
No previous attempts have been made to model the per-
formance of a dual functional filter.

In view of the minimal information available on the
performance of the dual functional filter, a mathematical
model and appropriate experimental data are critical to
evaluate the filter performance and provide a basis for
design. The model which includes both the effects of
variation of pressure driving force and cake compressibil-
ity will be utilized. A related model which considers
the effect of variations in pressure driving force due to
hydrostatic head and rotary vacuum filters has been
presented by Tiller (1972) and by Holland and Woodham
(1956). Neither of these investigators considered the
simultaneous effect of variation in pressure driving force
and cake compressibility.

Other filters have employed a vertical filter medium
where the pressure driving force is a function of axial
position along the medium. The Guva tower belt filter
(manufactured by Prefiltec AG & Miura Chemical E. Co.)
and the Winklepress are examples. The model for the
filtration phase of the cycle developed here could be
modified and applied to these filters. The dump phase
of both these filters is more complicated than that of the
dual functional filter. In both cases these filters use
mechanical means, such as conveyor belts, to recover
the filter cake.

THEORY

A mathematical model is developed for the filtration
phase of the operating cycle of the dual functional filter.
The model includes both the effects of axial (vertical)
variation of the pressure driving force and filter cake
compressibility. The primary goal is to obtain expres-
sions that relate both the filtration rate and cake thick-
ness to axial position along the hose and time.

Owing to the pressure variation along the hose, the
cake is thicker at the bottom of the hose than at the
top. Two regions, I and II, are defined for the slurry
and cake phases respectively and are illustrated in Fig-
ure 2. The cake particles are assumed not to redisperse
into region I during the filtration phase of the cycle; that is,
once a particle enters the cake it stays there. This is a
reasonable assumption in view of the very low shear
stress between the surface of the cake and the region I
liquid.

Rate Law

Ruth (1946) has developed an expression for the rela-
tionship between the filtration flux, applied filtration
pressure, and average specific cake resistance:
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Owing to the high porosity thin filter media (hoses) that
are employed, the tilter medium resistance can be neg-
lected relative to that of the gelatinous, compressible filter
cake. Neglecting the medium resistance, Equation (1) be-
comes
J=—"_ap (2)
Hgpg®
Tiller (1962) and others have shown that most experi-
mental data are consistent with the specific cake resist-
ance-pressure dependence as follows:

where AP > AP; (3)
where AP = AP; (4)

To obtain the average specific cake resistance, local
values must be integrated across the cake:

a = aAP*
a=ai=aAPi"

1 1 AP
= —d(AP)
Qg AP o

L[ fden | peden ]

o aAPr
a(l — n)AP a(l —n)apPr
Qgpg =
AP1=n — pAP1—n 1 —n(aP,/AP)1—n

(6)

This expression will be used in conjunction with the
model that is developed below.

Formulation of Model

The mathematical model developed below utilizes dif-
ferential material balances for slurry and solid particles
in both regions I and II. The dependence of the cake
thickness I, and the filtration flux J on time and axial
position are obtained by applying an appropriate form
of the Ruth equation to the resulting differential equa-
tions.

The partial differential equations which describe the
filtration phase of the cycle are developed in full gen-
erality prior to applying the assumptions. This is done
to emphasize the several assumptions employed which
do not arise in conventional batch filtration theory be-
cause there is a negligible pressure gradient parallel to
the filter surface.

The internal flows are shown in relation to a differ-
ential element in Figure 3. Overall and particle material
balances can be made on both the slurry region (I) and
the cake region (II) to give partial differential equations
that describe the behavior of the filter.
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Total material balances:

Region I
301 d
2mN + —— (mr2p) = 0 7
Z F + = (1) (7)
Regiaon II
901 9
——— 4 27R] ~ 27N + — [« (R — 12 =0
3Z + 27R] + 7 [=( Je]
(8)
Solid particle balances:
Region I

2 0

— (X + 2arXGN 4+ —— (#%p;X;) =0 9

aZ(xQI) 1 +at (71?p1X;) (9)
Region II

5]
FvA (XuQu) + 2wRX,J] — 21 XN

d
+ _aT [#(R? — ) Xypu] =0 (10)

The following assumptions are included in the model:

1. The filter hose used as filter medium is so porous
and thin that the medium resistance is negligible.

2. The axial flow of slurry through the cake region
(Qn) is small compared to that through the slurry feed
region (Qj).

3. The solid concentration of cake Xy is much larger
than that of slurry feed X, that is, X;; >> X;. These two
concentrations are assumed to be independent of Z and 2.

4. There is no breakthrough of particles through the
medium, that is, X, ~ 0.

5. The cake thickness I, is much smaller than the diam-
eter of the filter hose, that is, [, << 2R, therefore, > ~ R?
— 2RI..

6. The pressure along the filter hose is linearly depend-
enton Z (AP(Z) = APy + pigAZ).

7. Radial variations in each region are negligible.

8. All physical properties are assumed to be constant.

Assumption 5 states that the cake thickness I, is much
smaller than the diameter of the filter hose, that is,
12 ~ R® — 2Rl.. This assumption and assumptions 2 and
4 can be used to simplify the material balances, Equa-
tions (7) to (10). This is done by subtracting the sum
of Equations (9) and (10) from the sum of Equations
(7) and (8) multiplied by X; to obtain

le

0
Xd + (X1 — Xu)pn o

=0 (11)

It is noted that the solid concentration of the cake
(region II) is 150 to 300 times the solid concentration
of the feed slurry (region I). Assumption 3 (Xi >> X;)
can therefore be used to simplify Equation (11):

ol. Jo
X = Xupn Py o (12)
This is the conventional batch filtration material balance
equation. The discussion of the partial differential ma-
terial balances and related assumptions justifies. the ap-
plication of the batch filtration equation with an axial
varying pressure driving force to the dual functional
filter. The details of the mathematical model have been
discussed by Lui (1974).
The Ruth equation as shown in Equation (2) is then
substituted into Equation (12):
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Since = 0 at ¢ = 0, Equation (13) is integrated to
obtain the amount of dry cake per unit area w:

wdeo = dt (13)

© = \/2XIPVAP t = M.[API—” _ nAPiI_n] Yo
Pavg pa(l —n)
(14)
The cake thickness I, can be obtained from Equation (14):
2X1ppt
lo=——= 1 B [AP'=n — nAP—"]%
Xupu  Xupn #a(l —n)

(15)
Substituting Equation (14) into the Ruth equation

with Rp neguigible [Equation (2)], we obtain the dif-
ferential filtration flux J:
nAP, il"n] Yo

_ Po —n
T=V i —mxe P
(16)

The measurable filtration flux W” over a hose segment
Zy — Z, is defined as

, 1
W_—(—-t?;-f Jdz (17)

Equation (16) is expanded by Taylors series and
substituted into Equation (17):

1 (s
W = _...\/ ___&_.__f
AZ, 2ua(l —n)Xpg Y&
1-n AP ) %
— . -n
AP 2 [1 —n ——) ] dz
AP y
_ -1_.\/ pv J‘Zx
AZ 2ua(l —n)Xg Y%
1-n

—_— 1-n 2 . \2(1—n)
AP 3 [1—-—(ffi) —"—(i) +...]dZ

2
\/—_— AP(Zz)
PIgAZ 2ua(l — n)Xg vAP@ED
1_
W ao (AR (e
2 \NAP 8 AP

+ .. .-]d(AP) (18)

By neglecting the third- and higher-order terms, Equa-
tion (18) can be integrated:

3—-n

1 Po 2
W = AP % (Z)
1887 2ua(l—n)Xgt L 3—n
1+n
n t—m *-‘—2—' APg+ pro2s
~ o APATTaP (Z)]Amml (19)

The time average filtration flux can be obtained as

W = ljo‘ W’dt
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=2/ £o [ 2_aP? (2)
PIEAZ ua{l —n)Xg, +t 3 —n

i

1+n

APL—7AP 2 (Z)]

APo+ proZs

1 +n APo+ p19Zy (20)
The maximum error associated with neglecting the higher-
order terms occurs when AP = AP; 'This error is 6.0%
for n = 0.5. It will be shown later that n = 0.5 for
neutralized acid mine drainage sludge.

Implications of Model

The mathematical model can be used to predict the
time average filtration flux over the hose W’, the differ-
ential filtration Hux J, the cake thickness I, and the
amount of dry cake per unit area ». Examination of
Equations (16), (19), and (20) indicates that In J and
In W (or In W) should decrease linearly with respect
to In ¢ during filtration. Three empirical parameters exist
in the model: AP;, n, and a.

The pressure effect appears in two terms in the model
with the exponents (3 — n)/2 and (1 + n)/2. It is com-
plicated to predict the effect of pressure on filtration rate
trom the model unless some approximation is made. If
AP >>> AP;, then the pressure dependence in Equations
(16), (19), and (20) would become

2

1—n

- [ AP 2 (Zy)

’ _ 2 Pv
- p18(3 — n)AZ \/ 2ua(l —n)X;t
$-n
—aP e (z) | ()
4 3—n
w7 P ,T
W= e —maz VY Zall—mXi. [” (Z)
3—n

—aP? (Z) | (@)

An inspection of Equation (22) or (23) shows a de-
pendence of filtration rate on the square root of Xi.
Therefore, the filtration rate decreases as X; increases,
where X; is the same as the fraction of undissolved
solids in the feed X, if no settling occurs in region 1.

EXPERIMENT

An experimental dual functional filter was constructed that
would permit measurement of the filtration rate as a function
of axial position along the hose. This system provided experi-
mental data that were used to test the model that was devel-
oped above. The capability of measuring the filtration rate as a
functicn of position is critical in view of the fact that the pres-
sure driving force for filtration varies linearly with axial position
along the hose.

Equipment

The dual functional filter was constructed from a 3.3 m long
porous polypropylene hose (2.8 cm 1.D.) installed vertically
with on-off valves at the top and bottom of the hose, respec-
tively. Four 4 gal plastic cylmders were mounted along the fil-
ter hose as filtrate receiving collars. A 2.5 cm I.D. hole was
drilled at the center of each collar to fit the hose. It was de-
signed to be tight enough to avoid leakage of filtate between
two collars but not tight enough to reduce the cross section of

AIChE Journal (Vol. 22, No. 3)



the hose at the point of contact. The equipment is illustrated in
Figure 4. The filtrate received by the collars was drained to the
graduated cylinders for measurement. A stainless steel vessel
pressurized with compressed air was used as a feed reservoir.

A conical sludge receiver was employed. This geometry min-
imizes redispersion of cake particles (region II) into the lig-
uid (regionI).

Slurry Feed

All of the dual functional filter performance data presented
here were determined with a slurry obtained from neuturalized
acid mine drainage water. The acid mine drainage water was
neutralized with lime to pH 7.5. The particle size distribution of
the sludge particles ranged from 2.5 to 5.0 . The average par-
ticle size was 3.5 u. The neutralized acid mine drainage sludge
was obtained from an EPA Acid Mine Drainage Water Test
Site located at Crown, West Virginia. The particle concentra-
tions of these slurries were typically 0.2 wt.%. Several runs
were made with clarified sludge which had a particle concen-
tration of approximately 7 wt.%.

Neutralized acid mine drainage sludge provides a critical test
of dual functional filter performance. The particles are highly
gelatinous due to the presence of iron and aluminum hydrox-
ides. Filter cakes formed from such particles can be expected
to be highly compressible and difficult to dewater.

Procedures

The filter has to be filled prior to the beginning of each run.
The feed material must be well mixed to obtain a uniform con-
centration of particles in the pressurized vessel before it is in-
troduced to the filter. Once the hose is filled, the quantity of
filtrate from each collar is recorded. Feed was sampled several
times during the operation to confirm a constant particle con-
centration. The valves at both ends of the hose were operated
simultaneously at the end of the cycle. The top valve was
turned off to shut down the feed to the filter while the bottom
valve was opened. This operation produces a pressure shock
which caused the hose to collapse. This action discharges the
cake and feed liquid from the hose; that is, the unfiltered lig-
uid (region I) and the cake (region II) are collected in a coni-
cal receiver and decantation is conducted to recover the con-
centration sludge. Samples from the unfiltered liquid, cake, and
filtrate from each collar were obtained. The particle concentra-
tion (undissolved solids) was determined by Millipore (0.45
u) filtration, drying, and subsequent weighing.

The filter (hose) did not fill instantaneously. In some cases
30 s to 1 min. were required to fill the hose. The start of the run
(zero time) was defined as the time at which the hose was full.
Consequently, a reference or zero time correction was applied
to the data prior to comparing the experimental filtration rate—
time dependence with the model. This correction is discussed in
a later section.

Variables Investigated

The following variables associated with the performance of
the dual functional filter were investigated:

1. Feed pressure 5.5, 43, 74.5, and 123 kN/m2. The feed
pressure is the pressure at the top of the hose.

2. Filtration time: 10 min.

3. Feed concentration 0.2 and 7 wt.% solids (undissolved).

Several potential variables were held constant in this study.
These included pH of the slurry, the size and configuration of
the hose, the material of construction of the hose, and the proc-
ess temperature which was held at approximately 25° C.

The experimental results are presented in the following
section and compared with the mathematical model that was
developed for the dual functional filter. The experimental
filtration rate—time data were reproducible within +11%
standard deviation.

RESULTS AND DISCUSSION

The filtration rate along the hose, measured with re-
spect to pressure time and feed concentration, is used
in conjunction with the model to evaluate the empirical
parameters n, a, and AP;. In addition, several effects pre-
dicted by the model are tested with experimental data.
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The filter performance is controlled by the filtration
phase of the cycle. The dump phase of the cycle recovers
the cake from the filter hose prior to further concentra-
tion by settling. Most of the effort in the experimental
investigation was devoted to obtaining the performance
of the filtration phase of the cycle. Only the fractional
redispersion (f) of solid particles from cake (region II)
and the product sludge concentration after settling were
measured after the filtration phase of the cycle.

Reference Time Correction in Filtration Phase of the Cycle

The time variable ¢ used in the model has been cor-
rected to include both the fill-up time of the filter hose
and the filtration time. The data after correction for
reference time give a square-root dependence with time
regardless of the operation pressure or feed concentra-
tion. An example of this correction is shown in Figure 5.

Evaluation of the Empirical Parameters in the Model

The three empirical parameters n, a, and AP; can be
evaluated from Equation (19) and the experimental
data. Equation (19) can be written in a form more
suitable for regression analysis:

W = K1Y1 + K2Y2 (24)
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Ky = — _'_n'——’_—APil_" -\/ _Pv_____
pig(1+ n)az 2a(1 — n)uX;
§—n 3—n

Yi=[AP 2 (Z;) — AP 2 (Z;)]¢705

1+n 1+n
Yy = [AP 2 (Z;) — AP 2 (Z;)]¢t%8

The filtration flux W’ averaged over a portion of hose
can be obtained from experiment. Linear plots of W’
vs. Yy and Y, are obtained with slopes of K; and Ky, re-
spectively,

Using multiple linear regression with different values
of n in Equation (24), one can obtain the value of two
empirical parameters ¢ and AP;. Observation of the re-
sulting standard deviations from the regression analysis
at different n values indicates that a value of n equal
to 0.5 gives the minimum standard deviation. Associated
with this specific n value, the other two empirical param-
eters will have the values of 2.83 X 10 in metric sys-
tem for ¢ and 2.1 kN/m? for AP;. Therefore, the expres-
sion for specific cake resistance from Equations (3)
and (4) becomes

« = (2.83 X 1011)AP*S AP > AP; (25)
@ =a; = (2.33 X 101)APO5 AP =AP; (26)

where AP and AP; are in kilonewtons per square meters,
and « is in meters per kilograms. This relation is shown
in Figure 6.

Simplification of the Empirical Model

Expression of specific cake resistance discussed pre-
viously includes two forms. When AP = AP;, it is a con-
stant «;; when AP > AP;, it is an exponential function
of pressure. The regression value of AP; is 2.1 kN/m?
Owing to the fact that pressure at the top of the hose
is varied from 5.5 to 123 kN/m?2, it is reasonable to
neglect the term involving AP; [see Equations (19), (20)
and (15]. The general model derived previously can then
be simplified as follows:

1.66 X 10—8 Pv
woe KON [ papuos(zy) — apas(zy)]

pIgAZ uXrt
(27)
- 3.32x 108 ‘
W = \/ D [AP125(Z,) — APL25(Z,)]
p180Z aXite
(28)
414 X 106 _ /KXot
I, = \/ P APO2(Z)  (29)
XIIPH 14

It is critical to note that the constants in these equa-
tions are specific to neutralized acid mine water sludge.

Filtration Rate—Parameter Dependences
The filtration rate decays exponentially with time. The
data, In W’ vs. In ¢, illustrated in Figure 7 confirm the
inverse square-root dependence predicted by the model.
Inspection of the model [Equation (28)] developed
previously shows that the pressure dependent term is
[APY25(Zy) — APY%5(Z;)] for the time average filtration
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flux W’. A plot of W’ vs. the average pressure applied
to the filter is shown in Figure 8. The so.id line, calcu-
lated from the mathematical model [Equation (28)], is
consistent with the experimental data. The time average
filtration flux W’ is a strong function of pressure below
40 kN/m2. However, when average pressure is above
40 kN/m?, W’ increases slowly with pressure. The data
and model both suggest that moderate filtration pressures
should be employed.

The effect of feed concentration on filtration rate is

expressed in the term X;~%5 for the filtration flux W’
where X; is approximately equal to the feed concentra-
tion. The curve for the higher feed concentration is cal-
culated by assuming that the cake resistance is inde-
pendent of feed concentration. The model is used with
the empirical parameters ¢ and n determined for a feed
concentration of 0.2 wt.%. These data are essentially
extrapolated for a feed of 7 wt.% by increasing the
value of X;. The agreement between the data and model
for the 7 wt. % feed as shown in Figure 9 is excellent; that
is, the average deviation between experimental and pre-
dicted filtration rates is =159%.

Physically, the large decrease in filtration rate with
feed concentration can be explained by the fact that
thicker cakes are formed with the higher feed concen-
trations. The material balance effect is represented by
(Xy) ~05 in the model.

Calculated Cake Thickness

Cake thickness profiles are calculated to evaluate the
assumption that the cake thickness is much smaller than
the hose diameter. Equation (29) is used to calculate
the cake thickness.

The cake thickness [, increases with time as shown in
Figure 10. The calculated thickness is 0.14 cm at a
position 1.86 m from the hose inlet after 10 min. at an
inlet pressure of 5.5 kN/m2 Comparatively, its thick-
ness is 0.17 cm for an inlet pressure of 123 kN/m?2. Both of
these values are much less than the diameter of the hose
which is 2.8 cm I.D, This supports the assumption that I,
<< 2R. Figure 11 shows the profile of cake thickness
along the filter for inlet pressures of 5.5 and 123 kN/m?2
The cake thickness is a stronger function of position at
low hose inlet pressure than high pressure. This is due
to the fact that the hydrostatic contribution to the pres-
sure is greater when the inlet pressure is small, that is,
there is significant pressure variation with position.

Predictive Capability of the Model

The model can be used to predict the average filtra-
tion flux for the entire hose. The time average filtration
flux over the filtration phase of the cycle is calculated
from Equation (28). The minimum and maximum devia-
tions of the predicted filtration rates from the experi-
mental values are 6 and 15%, respectively. This is ac-
ceptable agreement in view of the fact that the filtra-
tion data were obtained with different samples of neu-
tralized acid mine drainage sludge.

The dual functional filter model includes the effects
of the axial variation of the pressure driving force. Cal-
culations with this model are compared with the batch
filtration equation. This is accomplished by utilizing the
average filtration pressure in the conventional batch
filtration equation [see Equation (30)1]:

1-n
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Fig. 9. Influence of feed concentration on filter performance.
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Fig. 11. Axial cake thickness profile.

where AP,z = [AP(Zy) + AP(Z;)1/2. This expression
assumes that p, =~ py.

Figure 12 illustrates the errors that are obtained by
applying the batch filtration equation rather than the
model which includes a varying pressure driving force.
The errors are illustrated as a function of n, the exponent
in the specific resistance-pressure dependence. Note that
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Fig. 12. Comparison of filtration fluxes predicted by the dual func-
tional filter model and constant pressure batch filtration equation.

fortuitously with an n value of 0.5 for the neutralized
acid mine sludge, the filtration rates calculated by the
batch equation and the dual functional filter model are
the same. This will not be the case with slurries which
have different n values. Figure 12 indicates, for example,
that the batch equation would underpredict the filtra-
tion rate by 37% at an n value of 0.8.

Performance of the Dump and Settling Phases of the Cycle

Filter cake and feed liquid are dumped from the hose
at the end of the filtration phase. This heterogeneous
mixture is settled prior to decantation to recover
the concentrated product sludge. The pressure shock
associated with relaxing the pressure in the hose is the
driving force for ejecting the cake from the hose. Material
is dumped from both regions I and II of the hose.

Ideally, none of the cake particles from region II would
redisperse into the interior core of feed liquid that is re-
gion I. Experimental data indicate that some of the
particles from region II do redisperse into the region I
liquid. This partial redispersion of the filter cake leads
to a decanted liquid that has a higher particle concen-
tration than the original feed. Owing to the fact that the
decanted liquid is recycled to the feed tank, the effective
feed concentration to the filter is higher than the original
external feed.

The effect. of the redispersion of the filter cake on the
feed concentration can be illustrated by material balance.
If f is defined as the fraction of the solids in the filter
cake that are redispersed during the dump phase of the
cycle into the region I liquid, then a material balance
indicates that the actual feed concentration to the hose
is higher than the external feed concentration. This effect
is summarized by the following material balance equation:

Xp= —F 81

*= 17 (31)

X, is the actual concentration fed to the hose, Xr is the

external feed concentration, and f is the fractional re-

dispersion. Note that when f = 0 (no redispersion), the

internal feed concentration is the same as the feed con-
centration.

The dependence of the internal feed concentration on
the performance of the dump phase of the cycle provides
an opportunity to emphasize the coupling that occurs
between the dump and filtration phases. The solids con-
centration in region I, Xj, is equal to the internal rather
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TaBLE 1. REDISPERSION OF THE FiLTER CAxE DURING THE
Duwmp Puase oF THE CYCLE

Average pressure, Feed concentration, Redispersion, f,
kN/m? wt. % %
22 0.2 41
59 0.23 47
91 : 0.19 35
140 0.17 20

than the external feed concentration. Note that X; must
be specitied in the equations which are used to calculate
filtration rate. It has been experimentally confirmed that X;
is essentially the same as the actual feed concentration to
the hose, Xj.

The fractional redispersion of the filter cake can be
measured as a function of the average filtration pressure.
Table 1 illustrates these data. The fractional redispersion
decreases with increasing filtration pressure. This may
be due to the compressible nature of the filtration cake;
that is, the particles are more consolidated in the cake
at higher pressures and thus tend to redisperse to a lesser
extent into the region I liquid. The fractional redispersion
should be 209 or less at the higher pressures that would
be selected for filter operation.

The dump and settling phases of the cycle produce
sludges of very high solids content. Product sludge con-
centration of 20 to 35 wt.% can be obtained from feed
material which has a solids content of 0.2 wt.%. This
represents an extremely effective sludge dewatering in
view of the gelatinous nature of the sludge part:cles,

Potential Applications of the Dual Functional Filter

The dual functional filter is a novel solid-liquid sep-
aration device which has not been utilized commercially.
It has several important advantages which can be con-
sidered when selecting a solid-liquid separation process:
very high degrees of sludge dewatering, high filtration
rates, and mechanical simplicity. The neutralized acid mine
drainage sludge system provides a severe test of filter
performance. Generally, this filter should find application
for dewatering a variety of sludges which are difficult to
dewater by conventional techniques.

Both the mathematical model and the experimental
evaluation procedure should be useful in evaluating both
pilot and commercial scale filter performance.

ACKNOWLEDGMENT

The authors express their appreciation to the National Sci-
ence Foundation (Grant GK 42082) and the West Virginia
Water Research Institute for partial support of this research.
Portions of the experimental equipment were provided by the
Environmental Protection Agency and Continental Oil Com-
pany. Dr. Frank Tiller provided many suggestions and con~
structive criticisms which strengthened this work.

NOTATION

constant defined in Equations (3) and (4)
fractional redispersion, dimensionless
gravitational acceleration, 9.8 m/s?

mass flux of filtrate at R, kg/m? - s

cake thickness, m

compressibility factor, dimensionless

mass flux of filtrate at r, kg/m? « s

pressure difference between the flow inside the
filter hose and the atmospheric pressure, kIN/m?
AP at the top of the filter hose, kN/m?

critical pressure defined in Equations (3) and
(4), kN/m?
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Q = mass flow rate in axial direction inside the filter

hose, kg/s

r = radial distance from center of the filter hose to
the surface of cake, m

R = radius of the filter hose, m

R,, = filter medium resistance, m—1!

t = time, s

te = cycle time, 5

@ = amount of dry cake per area, kg/m?

W’ = average mass flux (or rate) of filtrate from a
segment of the hose between filtrate collars, kg/
m?-s

W’ = time average filtration flux over a segment of
hose, kg/m? - s

X = weight fraction of solid particle in slurry, dimen-
sionless

Z = axial distance along the filter hose, m

« = specific cake resistance, m/kg

@; = constant specific cake resistance when AP = AP,
m/kg

p = viscosity, kN * s/m?

p = density, kg/m?

Subscripts

avg = average

DFF = dual functional filtration

v = filtrate

I = region I (slurry phase)

II = region II (cake phase)

F = external feed concentration
¢ = actual feed concentration fed to the hose
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Onset of Draw Resonance During Isothermal
Melt Spinning: A Comparison Between
Measurements and Predictions

Various polymer melts were spun isothermally to determine the critical

C. B. WEINBERGER
G. F. CRUZ-SAENZ

extensional strain at which draw resomance occurs. Simultaneously, the and

variation of apparent spinning viscosity with extensional strain was mea-
sured. Experimental results failed to confirm the theoretical prediction

that strain thickening behavior leads to enhanced stability.

G. J. DONNELLY

Department of Chemical Engineering
Drexel University
Philadelphia, Pennsylvania 19104

SCOPE

The phenomenon of draw resonance is of significant
importance in polymer processing. Such resonance ap-
pears as a cyclic pulsation in extrudate thickness as poly-
meric material is continuously extruded and drawn, for
example, film coating, fiber spinning, etc. The pulsation,
although constant in terms of thickness amplitudes for
fixed extrusion and take-up speeds, becomes more severe
as take-up speed is increased.

The dynamics of typical drawing operations can fre-
quently be expressed in terms of tensile force which is

G. F. Cruz-Saenz and G. J. Donnelly are with E. I. du Pont de
Nemours, Inc., Wilmington, Delaware.

AIChE Journal (Vol. 22, No. 3)

constant with respect to position but variable with re-
spect to time. Such dynamics obtain when the viscosity
is sufficiently large to render negligible the contributions
from gravity, inertia, and surface tension to the tensile
force. For these dynamics, linearized perturbation analyses
(Kase et al., 1966; Pearson and Matovich, 1969; Gelder,
1971) of the spinning of Newtonian fluids have shown
that the onset of such resonance occurs at a critical draw
ratio, E . = take-up speed/extrusion speed at onset, of
about 20. This theoretical result has recently been corrob-
orated by sninning experiments with a Newtonian silicone
oil (Donnelly and Weinberger, 1975). For the constant-
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