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(l@ A TECHNIQUE FOR EVALUATING SOLID/LIQUID SEPARATION IN SLUDGE
AS VIEWED FROM BOTH QUANTITY AND QUALITY OF THE SEPARATED LIQUID

Akira Hiratsuka® and Isu Kyu*‘

ABSTRACT; This paper deals with an examination on a technique for evaluating solid/liquid
separation effectiveness in sludge without chemical conditioning for a vacuum filter as
vieved from both quantity and quality of the separated liquid. It uses a statistical model
based on the analysis of the separation curve (i.e., the speed of separation) through a
multivariate analysis of variance. Among the three separation factors, suction force is
recognized as the main effect. Also, quality of the separated liquid resulting from the
filter experiment was examined. Moreover, the analysis was extended to the quality of the
separated liquid as related to the speed of separation.
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1. Introduction

Solid/liquid separation in sludge has been mainly evaluated from the following methods:
1) Measurement of the final moisture content of sludge cake
2) Measurement of the rate of decrease in sludge moisture content
3) Calculation of specific resistance
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 cat-
egories is that the first is directly based on data obtained, whereas the second, on theo-
retical 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 sewvage treatment plant and its dewvatering effectiveness must be estab-
lished. The dewatering should be evaluated not only from the quantity of the liquid sepa-
rated, 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 without chemical con-
ditioning for a vacuum filter is proposed based on the concept of the first category,
vhile a multivariate analysis of factors affecting the separation is employed.

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 technique are @’ and B. The former esti-
mates the volume of the initial quantity of the separated liquid whereas the latter esti-
mates the time-tendency of the increase of volume of separated liquid. From these two val-
ues, it is possible to predict the gquantity of separated liquid at an arbitrary separation
time. The model reveals that when the value of @’ is maximum, the value of Z§ falls to a
minimum. A rapid separation is possible at the initial stage of the separation. First, the
maximum value of parameter «  is identified and then the minimum value of parameter B.
If several points are available, the optimum condition is determined by giving priority to
the point where @’ has its maximum value.

* Dept. of Civil Eng., Osaka Sangyo Univ., Daito, Osaka 574, Japan
¢+ Dept. of Environmental Sci., Tunghai Univ., Taichung, Taiwan, R.0.C.



. . D2}
2. Analysis of separation curve

2.1 Proposal of separation curve model

When putting the sludge in the separation machine, in view of the operational condi-
tion, three separation factors - filter media for filtering, sludge layer thickness, and
separation force on the sludge affecting the sludge dewaterability - are selected, and
these factors are called separation factors A, B and C, respectively. These factors have
three levels each: A:, Bi, Cx (i=1~/ j=l~m, k=1~n , in the present paper /=m=x=3). In
each case of the combinations of the factor levels A:.B;C:., the separation curve as shown
in Figure 1, can be obtained. Assuming the quantity of separated liquid, V, to be a func-
tion of the separation time t, then from the form of the separation curve, the following
model is adopted:

Vit) = at? vhere a >0, 1>8>0 t>0 (1)

In Section 4.1 the speed of separation at the
initial stage shall be examined and the curve
retained which has the fastest separation by es-
timating the parameters, « and B. The proce-
dure is based on the following fact.

Considering two separation curves V,(t) =
altB’ and V,(t) = aztﬁ‘ at the initial stage
0<t<l.

The ratio of the two curves is

V()

V|(t) - %1 . (t)ﬂﬂlgl

v, (t) a,

If the parameters such that «, =2 a, and
Bi = B, are taken, then the ratio is always
greater than one, and so V,(t) = V,(t) for
0 <t =1 . This means that, when the fastest .

separation curve at the initial stage

(_0 <t = 1) is selected, @ as large as pos-— Fig.1 Typical separation curve
sible and B as small as possible should be cho-

sen.

On the other hand, the condition with small « 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 « indicates the quantity of sepa-
rated liquid when the unit time ( t = 1 ) has passed. The parameter 8 ( 0 < B8 < 1 ) de-
termines the shape of the separation curves and gives us some information about the rela-
tive 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

v (¢) t .

2.2 Logarithmic transformation

In order to estimate parameters a and B in the model (1) through a linear regression
analysis, natural logarithms of both sides of Eq.(1) shall be taken. By taking natural
logarithms, Eq.(1) becomes a linear equation:

InV(t) = a” + B8 1Int where a’ =1n a 2)



By carrying out the regression analysis with respect to Eq.(2), «’ and Z; as the esti-
mated values of gf and B are obtained.

The value of &’ estimates the volume of the initial quantity of the separated liquid
vhen 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.

2.3 Multivariate analysis of variance

If the fitting of the regression equation 1is good enough to sqgmarize the data, the
.analysis can be continued further. There are two estimates @’ and B for each separation
curve of each level AiB;Cs ( i=1~I j=l~m, k=l~n ). They shall be put together in a vec-
tor notation as

Xa = Gy 2 = (2,8 3)

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

{(x,, ), i=1~1 j=1~m, k=1~n}

Multivariate analysis of variance is a technique for testing the main effect and inter-
action of various kinds of factors taking up the p-variate at the same time. This method
corresponds to the direct extension of the analysis of variance with a single variate.

Each mean vector is determined as follows.
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Using each mean vector as obtained from the Eq.(11) to (18), each variation is calcu-
lated.
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vhere S, : grand variation
S, : variation due to factor A
S, : variation due to factor B
S, : variation due to factor C
S.«s : variation due to the interaction between factors A and B
S,.c : variation due to the interaction between factors B and C
S.xc : variation due to the interaction between factors A and C

S, : variation due to error

Using these values, a multivariate analysis of variance of the three-way layout method
{parameter) is conducted in the form as shown in Table 1°.

3. Experimental apparatus and method

Table 1 Multivariate analysis of variance of the three —~way

Avacuum filter shown in Fig-
layout method

ure 2, which is used in a Nutsche
test in a bench-scale study, is

used as a separation testing ap- (1) Design of experiments
paratus in this study. A Buchner Factor A: £ level Factor B:m level Fector C:n lovel
funnel has a dianeter Of 10 cm Number of repetitions : | Data : p~ dimensions
and a volume of 450 m £ . (2) Multivariate snalysis of variance

The sludge used for the appa- Fl:tor Vlri;tion(S:) Degrees of freedom(yy) C’Ii;lqulre Tg:x standard
ratus is obtained from a munici- A . i i; :;:ng
pal wvastewater treatment plant. c Sc n—1 13 X ooy
The sludge properties!® are given AxB S (=13 C(m=1) e Xt
in Table 2. Solid/liquid separa- BxC Sexc (m=1)Cn=1) Xie  X3tmnrin-n@@
tion experiments are made without Axc Saxc €£=-13¢n=1) e  iu-n-n@
chemical conditioning. Type of : :’ (£-12(m=1>Cn-1)
filter cloth, sludge layer thick- ' ma=t
ness, and suction force are taken | TTTTTTTTTTTTTTTTTS oo mmos o s m e m e m e e
up as the separation factors. The x;=-[<;—1)(m—l)(n—l)—%(p—w+1ﬂ loga ¥t
quantity of separated liquid is
measured 5 min., 10 min., 15 min., ye= ;ii (f=A.B,C.AXB,BxC,AXC)
30 min., 45 min., and 60 min. af- ISe+ 54

ter the experiment starts.

In the multivariate analysis
of variance, to analyze main ef-
fects and interactions of the three factors mentioned above, the layout of the factors is
determined as L,; . The factors and their respective levels in the experiment of
solid/liquid separation are shown in Table 3, while Table 4 shows the layout in the exper-
iment. The whole experiment is conducted in a random order.

With respect to the examination of the quality of the separated liquid, SS is measured
according to the standard filtration method!!) while TOC and T-N are measured based on the
standard sevage examination method'?

4. Results and Discussion

In this section, not only the optimum levels of factors with respect to the separation
curve (i.e., the speed of separation) but also the experimental condition which gives the
fastest speed of separation are discussed when the filter is used. Also, the quality of
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Table 2 Characteristics of sample
sludge used

Sample sludge Activated siudge
Total solids (%) 3.3
Volatile solids (%) 79.6
Suspended solids (%) 3.0
Conductivity (us/cm) 2800
Alkatinity (ma/L)y 580
PH 6.0
Temperature c) 30.0
TOC (mgrt) 4600
T-N (%) 0.125
Table 3 Level of factor
Factor Level Remarks
Type of filter cloth A « 8 T a:!PF—8044
B:PF-401
r:P—2088
Siudge layer thickness B 10 20 30

(mm)

Suction force
(MPa)

¢ 0.03 0.06 0.09

Vofume of separated liquid (mz)

In V(1)

A 8 [ Experiment
Key
(rm)  (MPa) No.
L -1 30 0.09 27
o T 30 0.09 18
L A | «a 30 0.03 25
60
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Fig.3 Separation curves measured
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the separated liquid resulting from the experiment of the filter is analyzed. The experi-
ment is also extended to the examination of the relationship between the speed of separa-
tion and the quality of the separated liquid.

4.1 Analysis of separation curve

Qut of a total of 27 separation ex—

periments, the curves for three typical Table 4 Layout
cases of separation with the filter are
shown in Figure 3. The details for the TS T s
. o u ti i
three factors are as follow: filter fiiter layer force | orameter estimated
cloths, two types; sludge layer thick- No cloth eness | cmpay 2 %
ness, 30 mm; and suction force, (.03 and
. 1 8 10 0.03 1.173 0.518
0.09 MPa. These separation curves are 2 8 10 0.06 0.991 0.573
p}otted in a l?g scalc'e, and shown in 3 f I o 2.8 9-260
Figure 4. VWhen fitted with Eq.(2), the s T to 0.8 1.411 0.471
contribution of the regression equation 7 b 20 g:ga f:gﬁ oda
: s : 8 8 20 0.06 1.426 0.480
wJ_.th I-'espect to the experimental points . 5 > o apesd o:3%0
is higher than 98.8 ¥. The results are 10 ¥ 20 0.03 1.025 0.538
. - 1 r 20 0.06 1.470 0.474
given in Table 4. 2 r 20 0.09 2.329 0.32i
13 B 30 0.03 1.103 0.524
. 14 8 30 0.06 1.870 0.391
4.1.1 The speed of separation 15 [} 30 0.09 1.543 0.433
18 r 30 0.03 0.886 0.589
) -, —~ 17 r 30 0.06 1.289 0.513
The scatter diagram of a’ and B de- :g r 30 0.09 2.301 0.298
termined by the regression analy,s\’is is 20 . :3 2;82 ?;22? g:fg‘,’
shown in Figure 5. The value of a’ es- 2! @ 10 0.09 2.826 0.157
; Lo 22 « 20 0.03 0.800 0.576
timates the volume of the initial quan- 23 « 20 0.06 1.807 0.36)
tity of separated liquid vhen a unit fod p @ et Zo | S
time passes, and the value of B esti- gg @ ;g g.os 0.245 0.550
mates the time-tendency of the increase * e 3028 0212
in the volume of separated liquid. The
model equation progosed reveals that
vhen the value of a’ is maximum, the
value of A becomes minimum. A rapid
separation 1is possible at the initial
stage of the separation. Therefore, in 4 ’
order to locate the maximum experimental ' O 0.03 MPa
condition which has the fastest speed of Factor C{A 0.06 MPa
separation, the following procedure is o7 X 0.09 MPa
needed. 3 X6
~ . xX21
First, the maximum value of a is a3
identified and then the minimum value of 1ex<12
B . If there are few points, the maximal 2 2 N
condition is determined by giving pri- ngx,"‘
ority to the point which has the maximum . Z’A‘Q 5&
value of @', because the separation Y
curve with respect to the point domi- | 00
nates the remaining portion of the curve '9053'56
as the time passes. In the filter, it 0z
can be seen from Figure 5 that the maxi-
mum value of a’ is found in experiment o
- =~ o 0.2 0.4 0.6 08
27 (Table 4) and the minimum value of B
is found in experiment 21 (Table 4). 3
Therefore, it is seen that the maximal :
- . - - - - -~ ~
condition for the filter is in experi- Fig.5 Relation between § and o
ment 27.

4.1.2 Multivariate analysis of variance

Table 5 shows the results of the multivariate analysis of variance. It shows that suc-
tion force (Factor C) is recognized as the main effect of the separation factor. Figure 5



clearly shows that there are three clusters. Each of them corresponds to the level of fac-
tor C (suction force), respectively. The optimum level is 0.09 MPa of suction force. The
interaction among the three separation factors is not recognized.

4.2 Analysis of quality of separated liquid

- Tabl Multivari i i
4.2.1 Optimum levels of the three factors &5 Multivariate analysis of variance

Table 6 shows a list of the quality of Y2 test
the separated liquid for the filter. Using Factor | Chi-sauare ( X 2) -
the listed values of SS, TOC, and T-N, an o o
analysis of variance of L is carried out : .
to examine which factor is more effective A 6.569 o5 | 13.28
in improving the quality of separated liq- 8 a8 0.40 13'28
uid. In the filter, main effect of the type c 15660 4% ’ ’
of filter cloth is significant with signif- 8% 948 | 13.28
icance level of 1 ¥ and main effect of suc- Ax6 5519 1581 | 20.10
tion force is also significant with signif- Bxc 3.524 18.51 | 2010
icance level of 1 % with respect to the Axc 7.305 15.51 | 20.10
value of SS. With respect to the value of E - - -
TOC, main effect of the type of filter T — — —

cloth is significant with significance lev-
el of 5 . As for T-N, main effect of suc-
tion force is also significant with signif-
icance level of 1 4. The
lowest value of SS was
found with filter cloth Table 6 List of quality of separated liquid

of B type and the suc-

. Experimental condition Quality of separated liquid
tion force at. 0.09 MPa. No. | Type of Studge Tover | Sustion o roc .
As for TOC, filter cloth filter clotn | thicknass: force N

(mm) (MPa) %) (mg/L) %>

of B type gave the low-
l F. .11 f 1 B 10 0.03 0.078 810 0.067
est value. inally, or 2 8 10 0.06 0.100 940 0.044
T-N, the suction force 3 8 10 0.09 0.760 1000 0.085
4 r 10 0.03 0.078 730 0.043
wvas found at 0.06 MPa. 5 7 10 0.06 0.180 1720 0.076
6 T 10 0.09 0.930 1450 0.085
. . 7 8 20 0.03 0.066 760 0.061
4.2.2 Discussion 8 8 20 0.06 0.038 910 0.004
s 8 20 0.09 0.410 1210 0.013
10 r 20 0.03 0.052 1160 0.026
; : t 1 r 20 0.06 0.280 1080 0.017
Wher} estimating .he 12 T 20 0.09 0.650 360 0.082
effectiveness of solid/ 13 8 30 0.03 0.078 770 0.033

. . - 3 14 8 30 0.06 0.062 110 0.019
llqu1d.separat10n. paylng 15 8 30 0.09 0.210 1280 0.047
attention °"ll to the 16 T 30 0.03 0.066 850 0.049

, d B 17 7 30 0.06 0.210 890 0.047
values of a an A 18 r 30 0.09 0.570 1250 0.040

. : : 19 @ 10 0.03 0.310 1470 0.024
WIth?Ut COnSlderlng the 20 « 10 0.06 0.420 1330 0.017
quality of the separated 21 « 10 0.09 1.200 1920 0.102

AN . 22 « 20 0.03 0.032 1000 0.049
liquid in the experlmel:lt, 23 « 20 0.06 0.450 2220 0.055
it can be seen from Fig- 24 a 20 0.09 1.100 1510 0.099

. 25 « 30 0.03 0.140 2290 0.040
ure 5 that the maximal 2 o 30 0.06 0.140 1400 0.029
condition 1is determined 27 « 30 0-09 1-300 1580 0.112

by giving priority to the

point which has maximum

value of a’ . However, all the quality of the separated liquid in the maximal condition

mentioned above is worse than that of the other conditions. That is, regarding the two

jtems, viz., SS and T-N, the quality of the separated liquid is respectively the worst of

all, and with regard to TOC, the quality is the worst but two experimental conditions.
Therefore, it is understood that in searching for the optimum separation condition in

the experiment, it is necessary to estimate the effectiveness of solid/liquid separation

totally from the viewpoints of a’, B and the quality of the separated liquid.

4.3 Relationship between the speed of separation and quality of the separated liquid

In order to check whether there is any relationship between the speed of separation as



represented by the data (&, Z;) and the three measurements SS, TOC, and T-N for the
quality of the separated liquid, all observations of each data set are arranged in order
in the appropriate sense so as to obtain their ranking numbers. By using these numbers in-
stead of their real values, scatter diagrams between the speed of separation and the qual—
ity of the separated liquid are examined.

4.3.1 Ordering and ranking numbers

First, the ranking of the speed of separation is conducted with respect to the results
from Nos. 1 to 27 in the filter. From Figure 5 all the speeds of the separation data
(a’, B) may be arranged in the order which follows. The fastest is No. 27, the second is
No. 6 and so on. The ordering is 27>6>21>3>24>12>18>9>14>23>20>15>11>8>5>l7>7>1>4>13>10>2>
26>16>19>22>25. The top is given to the fastest separation and the last to the slowest
one. Second, the ranking of the values of SS, TOC, and T-N is also conducted vith respect
to the result from Nos. 1 to 27. The top is given to the lowest value for the quality pa-
rameters and the last to the highest. When the same values come out, the mean value of the
ranking numbers is taken.

By using this ordering all observations of the speed of separation data and quality of
the separated liquid data can be transformed to their ranking numbers.

4.3.2 Correlation analysis 27 [+ o

(o]

By using ranqug numbers with the speed of °

separation data (@', B) and the quality of
the separated liquid data ( SS, TOC, T-N ),
scatter diagrams for the experiment of the
filter are drawn. Figure 6 shows the scatter
diagram of the speed of separation vs. SS,
vhereas Figure 7, the speed of separation vs.
T0C, and Figure 8, the speed of separation vs.
T-N.

Correlation coefficients of these scatter ° %
diagrams are given in Table 7. It can be seen 1 e 5
from the table that in the filter, the corre- 1 9 18 p
lation coefficient between the speed of sepa- Ranking of SS
ration and SS is highly significant with a
significance level of 1 ¥, whereas the corre- Fig.6 Relation between the ranking
lation coefficient between the speed of sepa- of the speed of separation
ration and TOC is not recognized with a sig- and the ranking of SS
nificance level of 5 . The correlation co-
efficient between the speed of separation and
T-N is also significant with a significance
level of 5 %. As shown in Figures 6 to 8 and z o o™
Table 7, the existence of large negative val-
ues suggests that there is a trade-off rela-
tionship where the optimum level for the speed
of separation and gquality of the separated
liquid cannot be located at the same time.

Therefore, it is necessary to examine the
optimum factors on solid/liquid separation in
sludge as viewed from both quantity and quali-
ty of the separated liquid. That is, a trade-
off adjustment is needed. One trade-off
adjustment is proposed. Figure 9 shows the re- o
lation among the ranking of the speed of sepa- ! )
ration, ranking of SS (as an example), and
number of the experimental condition. First, a Ranking of TOC
scatter diagram is drawn with respect to the
two rankings. Second, one standard in relation Fig.7 Relation between the ranking
to the separated liquid such as an environmen— of the speed of separation
tal standard is positively introduced, and and the ranking of TOC

Ranking of the spead of separation
o
(o]

Ranking of the speed of separation
o
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separation 0.748 —0.236 —0.405




from this the experimental condition which can be satisfied in terms of both quantity and
quality of the separated liquid at the same time can be obtained. Finally, from the exper-
imental condition obtained, the optimum factors on solid/liquid separation can be deter-
mined.

Furthermore, a total evaluation is also done using the three ranking numbers of SS,
TOC, and T-N. The mean value of the ranking numbers with respect to the values of SS, TOC
and T-N is calculated in experiment Nos. 1 - 27 for the filter, and the scatter diagram is
dravn. It can be seen from Figure 10 that, in the filter, the relationship between the two
shows a negative correlation with a correlation coefficient r = - 0.610. From the results
of Sections 4.1.2 and 4.2.1, the levels of factor C (suction force) on Figure 10 have also
been superimposed. In the filter, factor C seems to be the main trade-off factor.

In addition, total evaluation from the viewpoint of both quantity and quality of the
separated liquid is also roughly possible. Figure 10 shows the relation between the rank-
ing of speed of separation and the mean value of the ranking numbers of SS, TOC, and T-N.
In this case, the optimum condition can be also determined in the same way as is seen in
Figure 9, mentioned above.

5. Conclusions

For the estimation of solid/liquid separation effectiveness in sludge, traditionally
attention has been paid mainly to the cake moisture content. In the present paper, an em-
phasis has been put on the quantity and quality of the separated liquid obtained. Consid-
ering the problem caused by the separation factors and the optimum combination among then,
an examination on a technique for evaluating solid/liquid separation effectiveness in
sludge without chemical conditioning for a vacuum filter is done 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. The results are as follow:

With consideration of the three  separation factors, i.e., the filter cloth type
(factor A), sludge layer thickness (factor B), and suction force (factor C) and with the
laying out of three levels for each factor, it has come to be clear that suction force
(factor C) is recognized as the main effect, and no interaction of any two of the separa-
tion factors is recognized. It is clear from the result of multivariate analysis of vari-
ance that the optimum condition is Ai1B3Cs, when estimating the effectiveness of solid/liqg-
uid separation paying attention only to the values of a’ and B.

Viewed from quantity ( a’, B) and quality (SS) of the separated liquid, it is possi-
ble to estimate the optimum experimental condition on solid/liquid separation. Based on
the condition, the optimum factors can be determined.

The existence of a negative correlation between the speed of separation and the quality
of separated liquid suggests that there is a trade—off relationship. Moreover, suction
force is a factor which has a significant influence upon the trade-off relationship be-
tveen the speed of separation and the quality of separated liquid. As for a total evalua-
tion of the solid/liquid separation effectiveness, it is also possible to roughly estimate
the optimum condition.

The fitting of the model (2) (i.e., model (1)) is very good and highly significant in
the filter experiment. After fitting the model (2), the following two facts are noted.
First, from Figure b, there appears a linear relationship existing between the two parame-
ters, @’ (= In «) and B. The linear relationship enables us to interpret the model (1)
through only one parameter, £ or «. Second, by checking residuals in each regression
analysis it is known that some nonlinearity still remains after fitting the model (2).
This suggests that there is a possibility of the existence of a more sophisticated statis-
tical model, which may need further knowledge of the physical meanings in the experiment.
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