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ANALYSIS OF SOLID-LIQUID SEPARATION CURVE
BASED ON BOTH QUANTITY AND RATIO IN SEPARATED LIQUID
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ABSTRACT: This paper deals with an analysis of solid-liquid separation curve based on both quantity and ratio (relativity
quantity) in separated liquid. Tt uses a statistical model based on the analysis of the separation curve (i.e., the speed of
separation) through a multivariate analysis of variance. By using this technique, effectiveness of separation factors affecting the
solid-liquid separation in sludge can be evaluated, and quality of the separated liquid resulting from a filter can be also
examined. Moreover, this analysis can be extended to the quality of separated liquid as related to the quantity, viz., the speed of
separation.
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1 INTRODUCTION

Roughly reviewing the past studies relating to the solid-liquid separation of sludge, solid-liquid separation in studge has
been mainly evaluated with the following methods”: 1) Measurement of the final moisture comtent of sludge cake, 2)
Measurement of the ratio of decrease in sludge moisture content, 3) Calculation of specific resistance and 4)Dynamic analysis.
These methods can be classified into two categories; one consists of the first two methods while the other, the second two
methods. The basic difference between the two categories is that the first is directly based on data obtained, whereas the second,
on theoretical analysis. In practical application, it appears that the first category, and especially the first method, is more
suitable for evaluating the effectiveness of solid-liquid separation since it employs the moisture content directly.

Considering a total environmental conservation system, information about the sludge generated from a sewage treatment
plant and its dewatering effectiveness must be established. The dewatering should be evaluated not only from the quantity of
the liquid separated, but also from the quality of the separated liquid.

In the present paper, as a preliminary work to the solution of the problem mentioned above, a technique for evaluating
solid-liquid separation in sludge for a filter is proposed based on the concept of the first category, while a multivariate analysis
of factors affecting the separation is employed. In particular, we introduce an analysis of solid-liquid separation curve based on
both quantity and ratio in separated liquid.

The evaluation of the separation effectiveness is made by comparing the rates of sludge moisture as it decreases within
given times or, in other words, to analyze the “separation curve” which describes the quantity of separated liquid as a
function of separation time.

The most important parameters of this new techniqueare «’ and . The former estimates the volume of the initial
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quantity of the separated liquid whereas the latter estimates the time-tendency of the increase of volume of separated liquid.
From these two values, it is possible to predict the quantity of separated liquid at an arbitrary separation time. The model
reveals that when the value of o’ is maximum, the value of 8 falls to a minimum. A rapid separation is possible at the initial
stage of the separation. First, the maximum value of parameter o’ is identified and then the minimum value of parameter §. If
several points are available, the optimuam condition is determined by giving priority to the point where o’ has its maximum
value.

2. ANALYSIS OF SEPARATION CURVE
2.1 Analysis based on Absolute Quantity
in Separated Liquid?

When putting the studge in the sepa-
ration machine, in view of the opera-
tional condition, the separation factors
on the sludge affecting the sludge de-
waterability are selected, and these
factors are called separation factors.
These factors have the levels each
{(e.g., in three-way layout method,
ABC(i=1~8, j=1l~mk=1~
n, forexample, 8 =m=n=3)} In
the design of the experiment, three
types of filter cloths (e.g., A;=PF- 0
8044, A, =PF-401, and A, = P-2088), Time
sludge layer thickness (e.g.,B;=10
mm, B,=20mm, and Bj;=30mm),
and filtration pressure/ suction (e.g.,
C, = 0.03MPa, C, =0.06MPa, and
C; =0.09MP) are used as main de- —
watering factors affecting the quanti-
ty of filtration both experiments. The
quantity of filtrate is measured at 5 Vit)
min, 10min, 15 min, 30 min., 45 C V)= t®
min., and 60 min. afler the experi-
ment starts.  In each case of the com-
binations of the factor evels A;B;C,
the separation curve as shown in
Fig. 1 canbe obtained. Assuming the
quantity of separated liquid, V, tobe
a function of the separation time t
(The Separation time t should be here
changed according to the sludge.), then
from the form of theseparation curve, 0
the following model is adopted: Time

V(t)

Separate volume

- b —

Fig.-1 Typical separation curve.

Vy(ty=a,t"

Separate volume

J S ettt
B R e it

= 8 )
Vo= e M Fig.-2 One formula for faster separation

where @ >0, 1>8>0, t>0 and the other for slower separation.
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The speed of separation at the initial stage shall be next examined and the curve retained which has the fastest
separation by estimating the parameters, o and B . The procedure is based on the following fact.

Considering two separation curves as shown in Fig. 2, V() =, t? and Vy(t)=a,t?: attheinitial stage 0 <t<
1.
The ratio of the two curves is

Vi) @y

— T

Vaft) a;

'(t) B, — 8,

If the parameters @; = «, and B; = B, aretaken, then the ratio is always greater than one, and so Vi(t)
Z V,y(t) for 0<t = 1. This means that, when the fastest separation curve at the initial stage (0 <t = 1) is
selected, the largest possible « and the smallest possible B should be chosen.

On the other hand, the condition with small a and large B means that the speed of separation at the initial stage
is very slow.

From the model (1), it is known that the parameter o indicates the quantity of separated liquid when the unit time
(t=1) has passed. The parameter B indicates the quantity of filtrate when the time (t = 1) has passed. The parameter 8
(0 <B < 1) determines the shape of the separation curves and gives us some information about the relative rate of
change to the quantity of the separated liquid V(t), that is, the ratio of the derivative V’(t) to V(t),

V’(t) B

Vi) t

In order to estimate parameters and 8 in the model (1) through a linear regression analysis,

natural logarithms of both sides of Eq.(1) shall be taken: The model (1) is defined for comparing the filtration curves,
and also designed to describe In t and In V(t). Moreover, the model is not introduced with the physical
implications other than time. Therefore, based on the model, the differential at t = 0 is not defined, and the model is
considered only in  t>0. In case of fitting the statistical model (V(t) = «t®) to the various kinds of filtration curves,
the interpretation of the estimated values (@, ﬁ) of population parameter is the subject. Fortunately, the comparison of
filtration curves at the initial stage (0 <t = 1) gives some light on the interpretation of population parameter (, 8)
including physical information, except for time. At the initial stage (0 <t = 1), we can arbitrarily set up the
unit time (t = 1).

nvVg) = o> + B+ In t where o’ = Ina 2)

By carrying out the regression analysis with respect t0 Eq.(2), «’and 8 as the estimated values of o’ and 8
are obtained.

The value of « ’ estimates the volume of the initial quantity of the separated liquid when a unit time passes, and the
value of B estimates the time-tendency of the increase of volume of the separated liquid. From these two values, it is
possible to predict the quantity of the separated liquid at an arbitrary separation time. If there are a few points at the
initial stage, the maximal condition of quantity of filtrate is determined by giving priority to the point which has the
maximum value of @, because the filtration curve with respect to the point dominates the remaining portion of the
curve as time passes.

2.2 Analysis based on Relativity Quantity (Ratio) in Separated Liquid

In order to consider a balance among various factors such as quantity and quality of water and sludge, as well as
energy for evaluating solid-liquid separation process in a sewage system, we here propose a cumulative proportion
curve shown in Eq. (3).
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Vit)
PEt) = ——— 3

where  V(t): quantity of separated liquid at the arbitrary separation time
T : total quantity of separated liquid
If we can define a cumulative proportion curve as mentioned above, the following two model are considered.

P(1)
Logit transformation : In —_—— = o + B+In t ()
1 — P(t)
Complementary - log
- log Transformation : In{-In(1 —Pt)] = e + B-In t )

By drawing the scatter diagram with respect to a relationship between Int and V(t), we select a model which
shows the stronger linear tendency.

3. EVALUATION OF SOLID-LIQUID SEPARATION IN SLUDGE USING MULTIVARIATE ANALYSIS OF
VARIANCE
Here we consider the two methods using a multivariate analysis of variance (hereafter called “MANOVA™) for
evaluating the optimum condition of solid-liquid separation as viewed from a balance among various factors such as
quantity and quality of water, sludge and energy. One is a three-way layout method, and the other is five-way one.

3.1 MANOVA of the Three-Way Layout Method

If the fitting of the regression equation is good enough to summarize the data, the analysis can be con-
tinued further. There are two estimates «> and S foreach separation curve of each level AB;Cy
(i=1~2, j=1~m k=1~n). They shall be puttogether in a vector notation as

ik = g X = (e, BY ©)

for A;B;C. As there is a 2-dimensional observational vector for each separation curve, a MANOVA to the data set
shall be applied.

(@ L) i=1~ j=1~m, k=1~n}
MANOVA is a technique for testing the main effect and interaction of various kinds of factors taking wup
the p-variate at the same time. This method corresponds to the direct extension of the analysis of
variance  with a single variate. After obtaining each mean vector, each variation is  calculated.

Using these values, a MANOVA of the three-way layout method is conducted in the form as shown in
Table1. Regarding the application of the technique, we are concerned for referring the other paper V.

3.2 MANOVA of the Five-Way Layout Method

The five-way layout method is as follows. For convenience, the values of o’ and f§are shown as a vector
notation.

(a’, B) = %, n=1,2, + -+, 32

The variationdue to each separation factor and error can be calculated through the following formula.
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1
Ty —
32

Sf:

)T — Ty (D)
where  Sp:  varia-
tion due to each dewater-
ing factor A,B,C,D, G
vandE. (f=A B, ..., G
AxB, AxC, ..., DxG
AxBxC, AxBxD, ......
CxDxG and E)
T.,T; :
data corresponding to the
level 1 and 2 of the orthog-
onal array, respectively.

total vector of

Using these values of
variation obtained from
Eq. (7), MANOVA of the
Five-way layout method
is conducted in the form
as shown in Table2 ¥ We
will examine the applica-
tion of the technique in the
near future.

By using these meth-
ods, we can compare the
solid-liquid  separation
process considering vari-
ous factors in each sewage
treatment system. There-
fore, through a compare-
son of the separation pro-
cess, we might be able to
show an optimum path of
sludge for its management.

4. CONCLUSIONS
For the estimation of
solid-liquid separation ef-
fectiveness in sludge, tra-
ditionally attention has
been paid mainly to the
cake moisture content. In
the present paper, an em-
phasis has been puton
the quantity and quality

L

Table -1  Multivariate analysis of variance of the three-way layout

method.

(1) Design of experiments
Factor Al £ level
Number of repetitions : 1

Factor B ! m level Eactor C : n level
Data . p-dimensions

(2) Multivariate analysis of variance

Factor Variation(S,) Degree of freedom(y,) Chi-square Test standard

A Ss L1 X X5y -u(@)

B Sa m—1 X5 X3 (@)

C Se n—1 xe X oo ()
AXB Saxs (£ —1) (m—1) Xixe X2t —vim-; (@)
BXxC Saxc (m—1)(n—1) Xoxe X mvin -1 (@)
AxC Saxc =1 (n-1) Xixe Xot-nmon (&)

E S, (¢—1) (m—1) (n—1)

T Sr fmn—1

Xi=—1{¢=1) (m=1) (1=1) — F (p— v, + 1)} loge v

v,= l [Sl

W (f=A, B, C, AXB, BXC, AXC)

Table -2 Multivariate analysis of variance of the five-way layout
method.

(1) Design of experiments

Factor Al 2 level Factor B: 2 level
Factor G: 2 level
Number of repetition: 1 Data. 2-dimensions

Factor C: 2 level Factor D: 2 level

(2) Multivariate analysis of variance

Factor Sum of squares Degree of freedom(¢,) Statistic Test standard

A Sa 1{=¢s) X X (ar)
B Ss 1{=4¢s) X% X ()
C Sc¢ 1(=4gc) X Yo(a)
D Sy 1(=¢n) X% Yele)
G Se 1{=ge) X% Ye(a)
AXB Saxp 1(=gaxs) Xien Xola)
AXC Saxc 1{=¢axc Yiixc Xoo(a)
AxD Saxs 1(=gaxn) Xaxn Xp(a)
AXG Saxe 1(=gaxs Xiaxa X (a)
BxC Sexc 1{=guxc Poxc (@)
BXD Spxp 1(”¢a o) Yaxo Xoa)
BXG Sexs 1(= $uxc) XYoo Xp(a)
CxD Secxp 1 (" dexo, Xiexo Xz?(“)
CXG Sexe 1{=gcxs) Xioxe ()
DxG Soxe 1(= ¢nxc) Xoxe X%la)
AXBXC  Susxc 1{=gaxnxc) *axBxc Xip(a)
AxBxD AXBXD 1(=gaxpxn) Xaxsxp Xip(r)
AXBXG  Sixexc 1(= $axexc) Xaxpxc Xl
AXCXD AXCXD 1(= ¢Axcxn) Xaxcxo la)
AXCXG  Sixexe 1(=$axcxs) Xiaxexc Yepl(a)
AXDXG  Suupxs . 1(=axoxc) Lrxoxe Xs(a)
BXCXD  Sgyexp 1{=daxcxn) Xiaxcxd Xe(e)
BXCXG  Spxcxc 1 (= axexc) Xsxcxs Xe(a)
BXDXG  Spxpxc 1(=nxoxs Ylaxoxa Xole)
CXDX G CxDXG 1(=dcxnxc) Xooxoxe Xip{ar)
Error Se 6(=de)
T Sq 31(=¢:)
x5=—m-log. v
(f=A,B,C,D,G,AXB, ,DXG,AXBXC, et ,CXDXG)
m=¢. —-%—(p—¢;+1)
IS¢l
7 18,+5S.
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of the separated liquid obtained. Considering the problem caused by the  separation factors and the
optimum combination among them, an examination on a technique for evaluating solid-liquid separation effectiveness
in sludge for a filter is shown using a statistical model. Quality of the separated liquid for the filter is also analyzed. The
research is further extended to the examination of the relationship between the speed of separation and the quality of

separated liquid.
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