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Abstract

In order to bring theoretical and practical developments in secondary settling tank (SST) design closer together, a number of tasks
have been identified by the authors in Part | of this series. The first of these tagks is to establish relationships that link convensionat
sludge settleability measures to the flux theory constants, V_ and n, and is presented in this paper. Previous work in establishing
relationships between various sludge settleability parameters (SSPs) is reviewed. General forms for the V-SSP and n-35P
relationships are propased and two different approaches to fitting the data to the selected functions are evaluated: firstly, a one-step
direct correlation of zone settling velocity (ZSV, V ) on S5P and sludge concentration (X,) and secondly, a two-step correlation in
which first V_is corretated with X, to get V_and n and then V_and n are correlated to the SSP, Statistical tests were conducied to
check which of the different data sets obtained from the literature could be pooled and treated as one set. One- and two-step linear
least squares regression analyses were conducted on the largest family of data for each of the three SSPs to determine the constants
in the selected relationships. [t was concluded that the relationships based on the stirred specific volume index at 3.5 g TSSH(SS VI, )
are the most reliable, The relationships must be applied with caution because the pooling statistical analysis indicates that the results

appear to be influenced by activated slndge plant type.

Introduction

Inorder to accomplish the objective of bringing the theoretical and
practical developments in secondary settling tank (S5T) modelling
and design closer together (see Ozinsky and Ekama (1995), Part |
of this series), two tasks were identified;

t. Tocollect, evaluate and analyse as much information on sludge
setfleability parameters and relationships between them as
available in the literature and examine, refine or establish
relationships between the sludge volume index (SV1), SSVIU.
diluted SVI (DSVI) and the flux constants v, and n,

2. To verify the flux theory as a wmodel for the simulation of
dynamic behaviour of the settling tank, with varying influent
flow rates, reactor concentrations and feed solids concentrations.

Task (1) was identified as necessary in order to use the Dutch full-
scale secondary settling tank data set collected by STORA (19814;
b; ¢ 1983) in order to accomplish Task (2). In the STORA
investigation, in which 47 solids loading tests were conducted on
27 full-scale settling tanks in Holland, the sludge settleability was
measured in terms of DSVI, SSVIB_5 and the V, and n values.
Unfortunately, the zone settling velocity (Z8V) - concentration (X)
column tests from which the V_and n values were obtained were
conducted over t00 narrow a concentration range (1 to 6 g-£).
The V_and n values obtained were therefore not reliable and led to
the erroneous conclusion that the flux theory was fundamentally
deficient as a design procedure. As a result, STORA (1981b) (see
also Stofkoper and Treatelman, 1982) pursued the DSV1-based
ATV design approach and developed the STORA design procedure
based on it (Epskamp and Van Hernen, 1984). To use the STORA
data set, which is the only comprehensive data set available with
the necessary detail for the verification of the flux theory to
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accomplish Task (2), it was necessary to determine the required V
and n values by some other indirect method. The only viable
indirect method that appeared to be available was to establish
relationships between the SSVI1,, and DSVI and the vV and n
settleability parameters. These relationships would then serve as a
basis to determine the V_ and n values from the DSVI and/or the
SSVI1, , measured by STORA. The establishment of relationships
between the sludge settleability parameters (SSP) and the flux
theory constants V_and n is presented in this paper. In Ozinsky et
al. (in prep.} Part 3, accomplishment of Task (2) above is presented.
In Ozinsky and Ekama (In prep.) Part 4, the calibrated dynamic
flux theory model is checked to see if it is capable of reproducing
important design information included in the ATV and STORA
design procedures (ATV, 1973; 1976; 1991; Epskamp and Van
Hernen, 1984)

Review of previous work

The general acceptance of a single simple sludge settleability
parameter that defines the settleability of a sludge is a source of
much controversy in the field. It is recognised that the flux theory
Z3V-X, or its associated V_and n, is the best sludge settleability
description in s0 far as settling tank design and operation is
concerned, but the tediousaess of its measurement and the lack of
proven reliability of the associated flux theory has led to other
simpler sludge settleability parameters (SSPs) being developed in
practice. As many as three different SSPs are in current use (SVI,
SSVI,; and DSVI) and there is disagreement as to their relative
merits, Nevertheless, despite the obstacles, the desire to use the
flux theory for settling tank design and operation has been great in
English-speaking countries because many relationships have been
proposed by means of which the flux Vv, and n values can be
calculated from one of the simpler SSPs (inter alic Pitman, 1984,
Daigger and Roper, 1985; Ekama and Marais, 1986; Koopman and
Cadee, 1983 and Wahlberg and Keinath, 1988). However, there
appear to be no generally accepted functional relationships linking
one SSP to the flux ZSV-X (or associated V, and n) or even to
another SSP. This means that, at present, if data are available in
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TABLE1

SUMMARY OF CONTRIBUTIONS MADE BY PREVIOUS RESEARCHZRS IN ESTABLISHING RELATIONSHIPS BETWEEN 55Ps
AND THE FLUX ZSV-X OR V, AND N AND BETWEEN ONE ANOTHER

and contact stabilisation treatment

plants. Wide variety of influents
and aeration systems. 32 sets of
data obtained. All 185 data
poocled.

n=0,426+0.00384*55V]
-0.0000543*8SVI?

Researcher(s) Data source* Measured | Equations Comments
and type parameater

Daigger and Roper 6 pilot-scale and 2 full- SVI1 V =730 (* = +0.89) Limited database
{1985) scale activated sludge Data exhibited

plants n=0,118+0.00210*SVI (r*=(.997) considerable scatter.
Hartel and Popel Literature data Sv1 V=174 exp(-0.0113*8V1) -- 3.931 Used ingcorrect
(1992) * Wahlberg and Keinath (1983) n=0.9334 exp(-0.00581*SV.) + 1.043 parameter

*  Koopman and Cadee (1983) from Wahlberg and

*  Morris et al. {1989) Keinath (1983} data

* TForster {1982) Large degrae of

* Piiman (1980) scatter in the data

* Ericsson el al.. (1988) Assumed all data

*  Knocke {1980) could be pooled

* (Chad and Keinath {1979)

All data pooled together.
Wahlberg and Keinath |A. 141 sets of litcrature data SV1 No clzar relationship between V| Wide degree of
{1988) * Hartley (1985) and SVI scatter in the data

* Pitman (1980) Relationship between n and SVI

*  Guthrie (1983) not linear

* Grady et al. (1982)

* Maeris et al. (1986)

* Daigger (1983)

* Roper (1976)

* Dick et al. (1967)

B. Sampled 21 activated studge, | SVi vV, =13.3-0.0615*85V1 Applicable inthe 85V1

compietely mixed step aeration SSVI

range 35 to 220 mé/g
Found SVI to be a very
imprecise measurement
Recommended S5V as a
measurement parameter
Assumed all data

could be pooled

* Sezgin et al. {1982)
* Rachwal ct al. {1982)
* Werda (1983)

Pitman (1984) Measurements from 4 full-scale | SVI V /n=37.63 exp(-0.00388%iVI) Small sludge diversity
nutrient removal plants (AX, OF, | §5V1 V /n=67.9 exp(-0.016*35V L, ) and limited database.
GK and N'WY over 6 years {r:=0.968) Relationship between
{see also Pitman, 1980) n=0.88-0.393 log(V /n) (r*=00976} SVland V_ and n should
not be used because of
its dependence on conc.
at high 30 min settled
vols (>400md)
Ekama and Marais A. * Pitman (1980; 1984) SSVI Vn!n=67.9exp(-0.OOIGSSV[3_5) Confirmed Pitman (1984)
(1986) * White (1975) (r’=0.968) relationship
* Rachwal et ab. (1982) n=0.88-0.393log(V /n) (r=0.976) with White (1975)
* Koopman and Cadee (1983) and Rachwal et al.
(1982} data
Koopman and Cadee
(1983} data did not
conform
B. Own data
* 15 Western Cape plants SVi SSVI=0.67*DSVI Wide scatter in data
SsV1
DSVI
* Stofkoper and Trentelman DSVI Wide scatter in data
(1982) (STORA, 1981b) S8VI SSVI =0.65%DSVI
Hartley (1985) Literature data SVl Small data set
* Ekama et al. (1984) S8VI Method lacks statistical

rigour
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Researcher(s) Data source’ Measured | Equations Comments
and type parameter
Koopman and Literature data DSVI n=0.24940.002191*DSVI1 {=0.99) ¥ Data collected over a
Cadee {1983) * Sezgin (1980) Ln V =2.605-0.00365*DSVI (1’=0.733) Very narrow range of
* Palmet al. (1981) concentrations
* Jenkins et al. (1981} {0.7to 4.8g-¢4")
* Leeetal (198])
Merkel (1971) Large no. of measurements DSVI DS VI:SVI"‘(E(JOJ‘S\J'w)“-<i ¥ Applies o
SV1 where 300<5V, <850 m¢
SV, =settled volume at
30 min in the SVI test
Rachwal et al. Averages of a number of years SS8VI Gave V and n values for different * Individual v, x and
(1982) of measurements at full- scale ranges of SSVI $8VI data not given
Carrousel type activated sludge
plants

and are fully referenced in the researcher(s) papers,

The references in this column are not all given in the reference list: they indicate the data source of the researcher(s) (column 1)

¢ AX = Alexandra;GK = Goudkoppies; NW = Northern Works; OF = Olifantsvlei Works.

terms of only one of the S5Ps, the flux ZSV-X {or V_and n) or other
S5Ps cannot be confidently derived. Usnally it is recommended
that further settleability measurernents be carried out to determine
the particular settleability parameter of interest. A summary of the
existing relationships between the various SSPs and flux ZSV-X or
V_ and n and one another which have been proposed are presented
in Table 1. Before commenting on Table 1, it needs to be pointed
out that the flux theory constants (V, and n) defining the ZSV-X
function that appear to have been widely adopted by all researchers
listed in Table 1 are based on Vesilind's (1968} semilog model:

Vo=V e (mh') (n
where V = zone settling velocity (ZSV) (m-h™)
X = total settleable solids (TSS) concentration

(kgTSS-m¥)
V.n = flux theory constants (m-h' and m* kgTSS)
The semilog form of the ZSV-X relationship will also be accepted
in this analysis because it gives a better correlation between ZSV-
X data, leads to a more consistent flux model compared to other
forms (Smollen and Ekama, 1984) and is widely accepted so that
the form of the function is no longer regarded as a point of debate.
Because there is little agreement on a general form for the
V., - S8P and n - SSP functions, some rationale needed to be
developed in order to determine their form, [n the end, the functions
selected for V_- SSP and n - SSP relationships were:
vV, = o, eB 5P (2}

n v+ 3 * SSP 3

1]

on the following basis:

*  Thetrend of decreasing V' with increasing SSP and increasing
n with increasing SSP was observable for most of the data sets
listed in Table 1. It also appeared that, for V, the trend is
curvilinear and, for n, the trend is linear. However, no clear

indication of the specific form for the functions relating V_and
nto the SSP was apparent from an examination of the collected
data.

*  The functional forms accepted are sufficiently flexible for the
number of constants introduced (1n o, B, yand 8). In general,
it was found that the greater the decrease in V_with increase in
SSP, the more curvilinear the data trend, which is in conformity
with the semilog form. The increase in curvilinearity was not
evidentinthe nvs, SSP data, so that the [inear form was deemed
appropriate.

* The S5V1, _ was identified as the most important settleability
parameter: firstly, because it is more reliable than the SVI; and
secondly, because the available data set for $SVI,, is much
larger than that for DSVI. It was therefore considered most
important that the correct form of the V -85V, and n-SSVI,
functions be identified. From the graphical dara presented and
from a statistical analysis performed on these data, it was
concluded that the semilog and linear forms for the two
functions respectively, in conformity with Egs. (2) and (3),
could be accepted confidently for the SSVI, . Alternative
forms of these functions did not lead to a significant improve-
ment in the correlation coefficient, an observation also made
by Rachwal et al. (1982) on their own data set.

= As there was no specific evidence to the contrary, these
functional forms were also accepted for the SVI and DSVL

The semilog form for the V -SSP gives the curvilinearity required
without introducing additional constants as would be the case with,
for example, a parabolic function. Also, for some cases where V_
is approximately constant with increasing SSP (e.g the V_ vs SVI
data of Daigger and Roper, 1983), this could be accommodated by
small to zero values of B in Eq (2). With regard to the linear form
for the n-SSP curve, most of the data sets gave good correlations
with the linear function and, for those cases where the data
appeared curvilinear in trend, the correlation coefficient was not
significantly improved with a curvilinear function {(exponential,
log, hyperbolic, parabolic).
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Single- vs. double-step correlation

In establishing the relationships between the three SSPs and the
flux constants V_and n, two approaches can be followed:

A double-step approach where first the V_and n values for a
particular group of ZSV-X data (with an associated SSP) is
found by a linear regression on InV = inV_-nX (Eq.]) and
then, in a second step, these V_and n values are correlated with
the SSP values in terms of some relationship describing the
form of the V-SSP and n-SSP data (e.g. Eq. (2) and Eq. (3)).
Wahlberg and Keinath {198R) criticised this approach on the
basis of the fact that it lacks statistical rigour for two reasons.
Firstly, statistical information is lost when the raw settling
ZSV-X data are condensed into a single (V, n) data pait.
Secondly, they argued that the log transformaiton ignores the
error associated with the linear least squares estimation of V .
To overcome these shortcomings, they proposed a single-step
approach.

A single-step approach, in which the correlation of ZSV (or
V )Yonconcentration (X) and $SPis done in a single step, taking
all the V, X and SSP data of the set together without first
determining V_and n of the groups making up the set. To do this
requires a knowledge of the form of the functional relationship
between the V_ and n values and the SSP. Accepting these as
the semilog for the V -SSP (Eq. (2)) and linear for the n-SSP
{Eq. (3)) functions and substituting into Eq. (1) yields:

v‘ o e-ﬁ'SS\‘ e-‘f“ X E—B‘SSP‘X (4)

I

v Ino - B*SSP - y*X - §*SSP*X  (5)

The constantsa, B, yand& in Eqs. (4) and (5) can be determined
by multiple least squares correlation on the function In V, in
terms of X and SSP in a single step instead of two,

Allthe researchers in Table | except Wahlberg and Keinath (1988)
and Hartel and Popel (1992) adopted the two-step approach to
establish the relationship between V_and the X and SSP.

In carrying out either of the two approaches described above,
an additional constraint needs to be taken inte account, ldeally, it
wauld be most convenient if all the data sets for a particular sludge
settleability measure coutd be pooled, in which case the measured
parameters account for ail the positive variability in the V,
However, itis apparent that considerable differences exist between
data sets for the same SSP. Factors such as plant type, temperature,
settled or unsettled influent, etc. appear to affect the V. ina way not
accounted for by measurements of X and the SSP. Statistically, it
is not valid to randomly pool the different data sets in order to
determine the constants In @, B, yand & unless they all originate
from the same population. Therefore, statistical tests needed to be
undertaken to examine whether or niot different data sets could be
legitimately pooled.

During the course of the statistical analysis, a mixture of the
single- and double-step approaches needed ta be adopted for the
following reasons:

In the process of determining whether or not it was statistically
permissible to pool particular sets of data and subsequently
treat them as a single group, the double-step approach needed
to be adopted. This is because the statistical tests that need to
be carried out to determine the permissibility of pooling the
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datadonotapply to m.ultilinear regression and therefore cannot
be applied to the regression lines obtained with the singie-step
method. Instead, they have 1o be carried out in two stages using
the two regression lines (one for V_and one for n) obtained in
the double-step mett od.

After establishing thr: validity of pooling various data sets and
combining them into their permissible groups, the pooled data
sets were subjected tc a linear regression analysis (Eq. (3)) with
the single-step methed. The reason for this is that the muliiple
correlation coefficient (r?) obtained using the double-step
method was in no cate greater than the coefficient obtained by
the single-step methcd. Thisis tobe expected, because the least
squares fitting techn.que applied in one step o the data will
always yield constam s which give the highest possible value of
?1g. itis not possibl: to choose another set of constants which
give a higher value cf r*.

The r? values obtained wi h the single- and double-step approaches
were compared. The ccnstants obtained with the double step
approach were substituted into Eq. (5) for the single step and the
r? value calculated. Even though different values of the constants
were obtained with the louble-step method compared with the
single-step method, the 17 values were not significantly different
{<1%). This provided tle theoretical substantiation for testing
peoling of data sets with the double-step method but determining
the constants for the pooled set with the single-step method. In
addition, having calcul:ted the constants with the single-step
method, Eq. (5) can be separated into Eqs. (2) and (3) for V, andn
individually, leaving the constants unchanged and without loss of
predictive accuracy. This implies that, even though the V., values
obtained from the single- and double-step methods for a particular
X and SSP pair are diffeent, statistically one is ne more reliable
than the other.

Statistical tests for pooling the data

The statistical tests that n¢ ed to be carried out to determine whether
or not a number of data s:ts belong to a single population consist
of establishing the answers to the following questions (Ostle,
1963)

* Can one regression line be fitted 1o all the data?

*  Are all the sample slopes estimates of the same true slope?

*  Would a regression f tted to the group means be linear?

* Isthe true pooled within groups regression coefficient equal to
the true regression cf efficient for the means?

I£the answer to all of the : bove questions is positive, then it can be
concluded that the groupad samples all originate from the same
population and it is vakiil to perform a linear regression an the
'pooled data as a single sample. If not, then lincar regression may
only be carried out on individual samples. The order in which these
ests are perfofmed is ver" important since the assumptions neces-
sary Tor the later tests are tested as hypotheses in the earlier tests,
The tests for pooling the ¢ ata described here do not appty to multi-
linear regression and ther xfore can only be applied to the double-
step correlations. Pooling the data was carried out by a trial-and-
error procedure. Selected groups of samples were pooled and then
the hypothesis that they originated from the same population was
tested. This was achievel by calculating the F statistics for the
regression line (F,), the slope (F,). the regression of the group
means (F,} and the within-groups regression coefficient (F,). The



critical F statistics were found from a standard table of cumulative
F distribution with degrees of freedom v, and v,, where each criti-
cal F statistic depends on the particular values of v and v, If
each of the calculated F statistics are less than each of the critical
F statistics, then it can be concluded that the data may be pooled.
This process was carried out separately for the V_data and the n
data. In order for the data to be pooled, it needed to be shown via
the F statistics that both the V_and n data groups individually
complied with the F statistics for corresponding pooled sets. Fhe
results of the statistical pooling tests are described in detail under
each settleability parameter below,

The data sets

The sludge sertleability data measured by numerous researchers at
a number of different waste-water treatment plants were collected
either from the publication, if included, or directly from the

i

researchers when these were not given in the published papers.
Each data set comprises a group of zone settling velocity V) -
concentration (X) measurements with an associaied single value
for the sludge settleability parameters SVT, SSVI,, and/or DSVL.

A summary of all the collected data is presented in Table 2.
For reference purposes, the data sets have been labelled with the
name of the researcher, or the site at which the data were collected,
whichever is more convenignt. Table 2 lists 16 data sets for which
ZS8V-X data were measured. Four of the sets (these are listed at the
bottom of the table) were rejected because either the individual
Z5V-X data could not be obtained or the ZSV-X data were
measured over too narrow a range. Of the remaining 12 sets, ali 12
were useful for establishing the V_relationship in terms of the SVI;
all 5 data sers fviz. Lukuko (Lk), Wallace (W), Dickinson {Dk),
Cape Flats (CF) and Mitchell’s Plain (MP)] making up the University
of Cape Town (UCT) (1986) group, all 4 data sets [viz. Alexandra
(AX), Qlifantsviei (OF), Northern Works (NW) and Goudkoppies

TABLE 2
SUMMARY OF THE AVAILABLE DATA SETS
Settleability parameters measured

Reference sVl S8Vl Dsvl Z8V-X
UCT (1986) - Western Cape region

* Lukuko (Lk)! Yes Yes Yes Yes
* Wallace (WD) Yes Yes Yes Yes
*  Dickinson (Dk)' Yes Yes Yes Yes
* Cape Flats (CF)? Yes No Yes Yes
* Mitchell’s Plain (MP)? Yes Yes No Yes
Daigger and Roper (D&R) (1985) Yes No No Yes
Pitman (1984)- Johannesburg Region

*  Alexandra (AX)? Yes Yes No Yes
* Olifantsvlei (OF) Yes Yes No Yes
*  Northern Works (NW)? Yes No No Yes
*  Goudkaoppies (GK)* Yes Yes No Yes
Wahlberg and Keinath (W&K) (1988)° Yes Yes No Yes
Tuntoolavest andl Grady (T&G) (1982)¢ Yes Na No Yes

1. Measured at 15 different plants in the Western Cape Province: some with, some without primary

sedimentation but all with long sludge ages (>20 d) and with N removal, none exhibiting

significant P remaoval

2. CF: a 5-stage Bardenpho plant, not exhibiting P removal

MP: modified Ludzack - Eitinger ptant for N removal

3. AX, OF:bothextended aeration (long sludge age, no primary sedimentation), modified for significant

biolegical phosphorus removal

4. NW, GK: both 3/5 stage Bardenpho plants for N and P removal

5. 21different treatment plants: conventional activated sludge as well as completely mixed, step aeration
and contact stabilisation systems. All fully aerobic.

6. Fully aerobic, 2.8 m*d"* pilot plant

Additional data Svi SSVI3 " Dsvt Z8V-X
Koopman and Cadee (K&C) (1983)7 Yes No No No
Hartley (1985)® No Yes No No
Rachwal et al. (1982)% No Yes No Yes
STORA (1981h) No Yes Yes Yes

7. ZSV-X data over a very narrow X range (I to 6 g-£'); tejected
8. NoZSV-Xdatagiven, only V_and n vs SSVI, ; only useful for confirming V -SSVI, , and n-SSVI,

relationship
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(GK)| making up the Pitman (1984) group and the Daigger and
Roper {D&R) (1985), Wahiberg and Keinath (W&K) (1988) and
Tuntoolavest and Grady (T&G) (1982) cach contributing one data
set. For the S8V, ; and the DSVI only eight and four data sets
respectively included the measurements for the S3V1,, and DSVI

Vo vs SVI
E
o
=3
N J— : : —
0 50 100 150 200 250 400 850 400
SVI (mijg)
—m— YOT - Wi —— UCT - Lk —+— UCT - Dk
—=- D&R —e— TA&G —h— WEK 3
Figure 1
Vo vs. SV data of six data sets
UCT (1986)-WI. V, = 0.304e0%sW) (2= 941)
UCT (1986) - Lk: V, = 11.345gtcacs s (r2 = 0.451)
UCT (19886) - Dk; V, = 18.453gt000ssesv; (rr=0473)
D&R (1985): vV, = 7.80 (r?=0.89)
T&G {(1982): V, = 20.610etcoczessv (r2=0.08)
WE&K (1988): V, = 14.4B84gloozusv (r* = 0.038)
Vo vs SV)

Vo (m/h)

SVI {mi/g)

—&— Pitman NW —=- UCT-CF  —< UCT - MP

—&— Pitman AX —— Pitman OF -=— Pitman GK ‘

Figure 2
Vo vs. SV} data of six dala sets
Pitman (1984) - AX:  V_ = 14.900gt00r2esv (12 = 0.699)
Pitman (1984) - OF: V, = 12.992glouearsui (12 = 0.781)
Pitman (1984)- GK: V| = 10.360et8®msW (2 = p 385)
Pitman (1984) - NW.  V, = 4.887et0001ssv) (2 =  0g5)
UCT (1986) - CF: V, = 27.406et0wmvsi (12 = 0.605)
UCT (1986) - MP; V, = b5.557et0umzsv) (r2 = 0,0001)
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viz. Tor the SSVL, , the «ight are the UCT (1986) Lukuko {Lk),
Wallace (W1, Dickinson 'Dk)and Mitchell’s Plain (MP) data sets,
the Pitman (1984), Al:xandra {AX), Olifantsvlej (OF) and
Goudkoppies (GK) datas s and the Wahlberg and Keinath (W&K)
(1988) data set; for the D3VIthe four are the UCT (1986), Lukuko

nvs Svi

.. 0B %
g / _ e
G 0§ =
E f -
0.4
-

56 100 150 200 250 800 350 400
8V (mirg)

—%- UCT - M —— UCT - Lk —* UCT- Dk
—&3— &R - T&G —h— WEK

Figure 3
n vs. $iVI data of six data sets

UCT (1986)-Wi: n = 0257+0.00110*SV]  (© = 0.415)
UCT (1986)-Lk: n = 0.288+0.00079*SVi (r* = 0.386)
UCT(1886)-Dk: n = 0.115+0.00214*5V! (r2=0.714)
D&R(‘!QBS): n = 0.148+0.00210"SV {r not given)
T&G (1982): n = 0.201+0.00300*SVI (r2=0.260)
WK (1988): n = 0.267+0.00230°SVl (2 = 0.257)
nvs SvVi
1.2
1.0
. 0.8+
g
E a6
[ =
C.4-
0.24—
0.0 T — T T T T T 1
50 10¢ 150 200 250 300 350 400
SVI (mb/g)

—®— Piyman AX —— Pitman OF —*— Pitman GK
—— Pitman NW —=- UCT-CF —<—~ UCT-MP

Figure 4
nvs SVIdafa of six data sefs

Pitman (1984)- AX:  n = 0218+0.00107*SVi (= 0.578)
Pitman (1984)- OF.  n = 0.219+0.00103*SV! {2 = 0.807)

- Pitman (1984)-GK:  n = 0.413+0,000340*SV| (2 = 0.249)
‘Pitman (1984) -NW:  n = 0.439+0.00124*SV| (1 = 0,700)
UCT (1986} - CF: N = 0.483+0.00014*SVI  (r = 0.006)
UCT (1986) - MP: N = 0403+0.00055'SVI (i = 0.049)



(LK), Wallace (W1) and Dickinson (D) and Cape Flats (CF} data
sets (Table 2). Considering the reliability of the different SSPs and
the data available for establishing the relationship between V_and
the X and SSP, it is clear that the SSVI, _ is likely to give the best
estimates of V_because it is far superior to the SVI and has a far

Vo vs SSVI
25
20"‘
= 157
E i
o ‘\1\"“&
> 104 ‘i-_.““xh o ———
U-I— T T T T
0 50 100 150 200 250
551 {mifg)
~m UCT - W\ ——— UCT - Lk —= UCT - Dk —&— W&K _I
Figure 5
Vo vs. SSVI dafa, of four data sets
UCT (1986)- WI:  V, = 8.1Q7gfomamsssvasy (2= 117)
UCT (1986)- Lk Vv, = 13.7Bt1edwawessvias (2= (,524)
UCT(1986)-Dk WV, = 14.5409gt00sewsavissl (2= () 2g5)
WaRK {1988): V, = 153-0.0615"88V|,,
Vo vs SSVI
25[
20
5’: 154+—
£
2w
54
[+] - — T T
0 50 100 150 200 250
S8VI [mig)
—m— Pitman AX —— Pilrman OF —— Pitman GK
~@~ UCT-CF —« UCT-MP
Figure 8
Vo vs. SSVI data of five data sets
Pitman (1984) - AX.  V, = 15.405eM001#ssvas (2= 778)
Pitman (1984) - OF. vV, = 15.6Q5ero0ussesvias {2 =0,846)
Pitman (1984) - GK: V| = 18.93Ggro0wzssvias (P =0.713)
UCT (1986) - CF: V, = 51.4pggronrentids (re=0.838)
UCT (1986) - MP: V, = 36.858gitMazssmg (rr=0473)

larger data set than the DSVI. The ranges of the concentration. Z3V
and SSP of the data sets are listed in Table 3. Figures 1to 10 show
the V_and nvs. SSP relationships of the data in Table 3in graphical
form,

nvs SSVi
1.2 . y
)/
)‘
10 :
o
5
E
=
003 50 100 150 200 250
S8V {mifg)
= UGT - Wi —— UCT - Lk —= UCT - Dk &~ WBK ‘i
Figure 7
n vs. SSV/ data of four dala sets
UCT (1986) - Wi 0.130+0.00340*SSVI, , (r* = 0.738)

n
UCT (1888)-Lk n
UCT (1986)-Dk n
W&K (1988): n

0.1E-)5+0.00225‘*SS\/[55 {r2 = 0.6886)
0.136+0.00304*S8V1, , {r* = 0.843)
0.426-0.00384*SSV!
+0.0000543°83V1, 2 (r not given)

nwarn

nvs SSVI

n (md/kg)
(=]
3

o £0 100 180 200 250

S5VIH{ml/g}

—a— Pitman AX —— Pitman OF - Pitman GK
—&~ UCT-CF - UCT-WP

Figure 8
n vs. SSVI data of five data sets

Pitman (1984} - AX:
Pitman (1984) - OF:;
Fitman (1984) - GK:
UCT (1986) - CF:
UCT (1986) - MP;

0.213+0.00166*SSVI,, (1 = 0.593)
0.171+0.00264*SSVL, , {12 = 0.931)
0.328+0.00163*S8Vi, , (12 = 0.272)
0.445+0.00060*SSVI, , (12 = 0.024)
0.585+0,00026*8SVI,, { = 0.005)

33333
wonouonon
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Vo vs DSVI n vs DSVI
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[+ UCT- Wl —— UCT- Lk —- UGT - Dk —m ucr-cﬂ I+ UCT-WI —— UCT - [k —w— UCT- Dk —=— uz:'r-cﬂ
Figure 9 Figure 10
Vo vs. DSVI data of four data sels nvs. DSVI data of four data sets
UCT {1886) - Wh: V. = B.91B8at00sE0sw) (r*=0.187) UCT[1988)-W. 1 = 0.250+0.00162"DSVI (12 = 0.502)
UCT (1886)-Lk: V| = 11,145l 0usmns) (12 = ) 573) UCT (1986} -Lk: 1 = D.336+0.00058*DSVI (i = 0.215)
UCT (1986) - Dk; Vo = 19 23Detotuerosn (r? = 0.461) UCT(1986)-Dk: 1 = 0.097+0.00261*DSVI (¥ = 0.698)
UCT (1986)- CF: V, = 32.249et0meemey) (*=0842)" UCT (1988)-CF: 1 = 0.520+0.00018"05V! (** = 0.009)
TABLE 3
RANGES OF ALL AVAILABLE DATA SETS.
———
Ranges of data sets
Referense — |
X{kgTSSm?) V, (mh) svi ssv,, DSVI
(in¢.g7) imeg™) (mt.g")
UCT (1986) data group 1
* Lukuko (Lk) 097 -12.08 0.18 - 7.56 29-310 37-168 59 . 357
* Wallace (W1) 0.510-12.176 0.13 - 6.66 <4 - 347 39 - 167 44 - 314
* Dickinson {Dk) 0.92 - 15.50 0.13- 1584 <4 . 267 33.206 47 - 228
* Cape Flats (CF} 0.41 -7.91 0.15-9.30 "6 - 180 64-110 76-176
* Mitchell’s Plain (MP) SVI:33-6.85 | SVEQ12-6.1} 182-273 1249 - 174
SSVII05-694 | §SVI: G.12-6.11
Diaigger and Roper (D&R)(1985) 1.60- 19 0.03 -5.00 36 - 402 - -
Pitman (1984) data group
* Alexandra [AX) 1.03-1352 .20 -7.99 45120 75 - 80 -
* Olifantsvlei (OF) 0.7 - 12,80 0.3-109 45 - 144 35-75 -
* Northern Works (NW) 108-11.68 0.14 - 6.09 47 -218 -
* Goudkoppies (GK) 0.95-8.54 0.14 -6.2 80 - 360 65-125 -
Wahlberg and Keinath (W&K¥1988) 0.7- 166 0.02-8.04 17.9.235 40.2 - 230 -
Tuntoolavest and Grady (TZGHI98) ]  1.17 - 8.46 0.55-8.23 76 - 166 ; .
Rejected sets
Koopman and Cadee (K&C)1983) - - - - 65 - 300
Hartley (1985) - - - 60 - 330 -
Rachwal et al. (1982} 085 110 0.1-66 - 57 - 146 -
STORA (1981h) 03-59 0.1-182 - 40 - 300 50 - 440
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Pooling the SVI data

On the basis of the statistical tests, the biggest possible sample of
SVIdata that could be legitimately pooled was one comprising the
datacollected by Pitman (1984} at the Alexandra(AX), Olifantsvlei
(OF), Goudkoppies (GK) and Northern Works (NW) plants as well
as that collected by UCT (1986) -W1. These five data sets are
henceforth called the Pitman family because most of the data are
from the Pitman group. The pooled sample, or Pitman family, then
consisted of 190 groups of SVI and V_and n pairs from a total
number of 713 V -X data points. The Pitman family was the only
group for which both the V_and n-based F statistics satisfied the
critical F statistics for pooling.

Additional statistical tests showed that the remaining data
sets [viz. UCT (1986} - Lk, UCT (1986} - Dk, D&R (1985), W&K
(1988}, T&G (1982), UCT (1986) - CF and UCT (1986) - MP!]
could not be pooled in any combination {even in pairs} and it was
concluded that each had to be treated individually. It was curious
tonote that the UCT (1986) - W1 set could be pocled together with
the four Pitman (1984) sets, while the UCT (1986) - Lk and UCT
(1986) - Dk seis could not, even though the latter two sets were
measured on the same 15 Western Cape plants af the same time of
year as the UCT (1986) - W1 data, albeit one and two years later
respectively. That the remaining sets could not be pooled seems
reasonable in that the Wahtberg and Keinath (1988) and Daigger
andRoper (1985) sets were measured atdifferent plants and that the
Cape Flats and Mitchell’s Plain sets were each measured ar the
same plant over a 10-week period and therefore are fairly narrow
inSVIorV_and n range.

The Pitman family set was subjected to a linear repression
analysis (Eq. (5)) with the single-step method. The constants,
multiple correlation coefficient and significance levels (t) of the

four constants set out in Table 4 were obtained,

All the t (significance level) values for the estimates of the
fitted constants (In o, [3, v and 8} were found to be greater than the
critical t values, indicating that the null hypothesis (that there is
no relationship between the selected variables and the settling

- velocity) can be rejected. These t values give significance levels

that are af] <0.001, indicating that, at the 99.9% level. all terms in
the regression are significant, The F ratio for the Tll regression
i8 F = 1259.73. This indicates that, on the basis of a risk of a 1%
error {i.e. in only 1% of similar cases will the conclusion be
wrong), the least squares equation is a good predictor because the
caiculated F value is greater than the tabulated F value
F(3,710,0.99) = 3.78,

The fitted constants (In ¢, B, 7 and §) calculated by the single-
step method for the data sets that could not be pooled are detailed
in Table 5. Table 6 shows the significance levels for each of the
constants,

The data sets that have been marked by an asterix in Table 6 are
those that have one or more constants with high significance Jevels
i.e.constants which contribute negligibiy 1o the multiple regression
coefficient and therefore contribute negligibly to explaining the
variance in the data. These terms can therefore be eliminated from
Eq. (5) without a great reduction in comelation coefficient,
Eliminating the B and 3 terms from Eq. (5) results in V_and n
respectively being independent of the SSPi.e. horizontal iines for
Y and o on the V_and n vs. SSP plots (Figs. 1 to 10). Eliminating
vfrom Eq. (5) resuits in n being proportional to the SSPi.e. the line
passes through the origin of the n vs SSP plot. Even though both the
UCT (1986} - Lk and the Daigger and Roper (D&R) (1985) data
show that the §§ term may be eliminated as making a negligible
contribution te the correlation, these two data sets could not be
pooled because, although the form of the regressjon lines for the

TABLE4
CONSTANTS, MULTIPLE CORRELATION COEFFICIENT AND SIGNIFICANCE LEVELS FOR THE
POOLED SET OF SVI DATA
Reference Ina B ¥ 5 r
1 Pitman family set 2.1437¢ 0.00165 0.20036 0.00091 0.8418
{ Significance level® | <0.001 <0.001 <0.001 <0.001

*

would decrease significantly,

where the significance levels (1) of the intercept (o) and each of the slopes (B, v and 8) indicate each of their
contributions to the multiple correlation coefficient. A small significance level indicates a large contribution
i.e. if one of these parameters were excluded from the regression, then the muliiple corretation coefficient

TABLES
FITTED CONSTANTS FOR SVI OBTAINED USING THE SINGLE STEP METHOD FOR THE
UNPOOLED GROUPS
Reference Ina B ¥ 0 r
UCT (1986) -1k 2.009951 0.00101 0.19571 0.00122 0.782
UCT (1986) - Dk 2.55644 0.0043% 0.09836 0.60199 0.841
D&R (1985) 1.80826 -0.00021 0.18169 0.00141 0.828
UCT (1986} - CF 3.35165 G.00820 0.46845 0.06021 0.967
UCT {1986)-MP| 1.48218 -0.00076 (.35095 0.00072 0.928
W&K (1988) 2.33040 0.00496 0.30985 0.00036 0.641
T&G (1982) 4.00338 (001641 0.59060 -0.00210 0.660
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TABLES
SIGNIFICANCE LEVELS FOR THE FITTED CONSTANTS OF THE UNPOOLED SV GROUPS
Reference ina T p ¥ 8 r
Sig. level Sig. level Sig. level Sig. level

UCT (1986) - Lk <0.001 0.647 <0.001 <0.001 *
UCT (1986) - Dk <0.001 <(0.001 0.002 <0.001

D&R (1985) <0.001 0.79 <(.001 <0.001 *
UCT (1986) - CF <0.001 <0.001 <0.001 0.603 *
UCT (1986) - MP 0.046 0.799 0.055 0.656 *
WE&K (1988) <0.001 0.006 <0.001 0.187 *
T&G (1982) <0.001 0.143 <0.001 0.152 *

LnVo vs SVI nvs SVI -

PITMAN FAMILY CONTAINING 190 GROUPS

0 50 100 150 200 250 300 350
sVl {mifg)
LA data points —- single step -—— double step—|
Figure 11

Ln V_vs. SV! for the pooled Pitman family data set
showing the 190 data groups and the best fitted and
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Figure 13

Log ( V, /n) vs. SVI for the Pitman (1984) and Daigger
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and Roper (1985) dala sets
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nvs SVi
Pitman{1984) and D&R({1985) data
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Figure 15
n vs. V| for the Pitman (1984) and Daigger and
Roper (1985) data seis

two data sets is the same, the values of the constants describing the
lines are notably different. The remaining data sets in Table 6 could
ot be pooled because each shows a different combination of terms
that contribute negligibly to the correlation. The UCT (1986) - MP
data set has no terms with a low significance level because these
data plot in an almost circular domain in the V and n vs. SSPplots.

In conformity with the conclusions above, the reason that the
UCT (1986) - W1 and four Pitman data sets {AX, OF, NW, GK)
could be pooled, is that each of these sets yield not only a low
significance level for each of the 1o o, B,y and & terms but also
manifest the same degree in this rend.

Figures | 1 and 12 show the In V_and n values vs. SV data for
the 190 groups of the Pitman data family as well as the best (single-
step) fitted lines with the 95% confidence interval lines. Although
this is the largest family of data that can be pooled, this does not
mean that this is the best empirical retationship between V_and n
and the SVI. The fact thar the Daigger and Roper (1985),
Tuntoolavest and Grady (1982), Wahlberg and Keinath (1988) and
other sets could not be pooled into the Pitman family indicates thas
factors other than the concentration (X} and SVI1 measurements
affect the V_ and n values. These factors could be the inherent
problems in the SV test itself {dependence on concentration, etc.),
or differences in activated sludge plant type and filamentous
ofganism populations that develop in them. The UCT (1986) - W1
and four Pitman data sets were all measured on activated shadges
incorporating either biological N or N and P removal whereas the
Daigger and Roper (1983), Tuntoolavest and Grady (1982) and
Wahlberg and Keinath (1988) data sets were all measured on fully
aerobic activated sludges (see Table 2).

Figures 13, 14 and 15 illustrate the differences in the data sets
of Pitman (1984) and ot Daigger and Roper{1985). It would appear
from Fig.13 that these two data sets are similar in that the log of
the V /n vatio {a ratio with units of flux (kg-m™h')) which Pitman
{1984) suggests is a useful single ratio indicative of sludge
settleability for the flux theory) vs. SVI lines plot close together,
However, evaluation of the individual V_and n values vs. SVI
(Figs. 14 and [3) demonstrates the differences in these two data
sets. Pitman's (1984) data show a decrease in V_as SVI increases
while Daigger and Roper’s (1985) data show V¥ to be constant with
SVI increase. Both Pitman’s (1984) and Daigger and Roper’s
(1985) data sets show that n increases with increase in SVI, but
Daigger and Roper’s much more strongly than Pitman’s. Clearly,
these different changes with SV1 compensate each other to give a
similar trend in V /n ratio (Fig. 13).

Pooling the SSVI,, data

It was tound that the biggest possible sample that could legitimately
be pooled was one comprising the UCT (1986) Lukuko, Wallace
and Dickinson sets and the Pitman AX and OF sets. These sets
together are called the UCT SSVI family. In the pooling analysis
it was found that the Pitman GK, UCT {1986} - MP and - CF, and
Wahlberg and Keinath { 1988) data sets could not be pooled in any
combination {even pairs) and consequently are sets that need to be
treated as statistically distinct. The UCT family was the only group
for which both the V_ and n-based F statistics satistied the critical
F statistics for pooling.

The UCT $8VI family of data comprised 68 groups of SSVI,
and V_and npairs from a total number of 603 V -X data points. This
family was subjected to a linear regression analysis on Eq. {5) with
the single-step method. The constants, multiple correlation
coefficient and the significance levels obtained for each term are
listed in Table 7.

All the t {signiftcance level) values for the estimates of the
fitted constants (In ¢, B, yand 8) were found to be greater than the
critical t values, indicating that each of the parameters makes a
significant contribution to the multiple correlation coefficient.
The F ratio for the full regression was found to be F= 1124.26.
This indicates that, on the basis of a risk of 1%, the least squares
equation is a good predictor because the calculated F value is
greater than the tabulated F value F(3,599,0.99) = 3,78,

The fitted constants (In ¢, B, v and 8) for the remaining data
sets that could not be pooled into pairs and needed to be treated
individually are detailed in Tabie 8. These constants are those
obtatned by the single-step method of regression. Table 9 shows
the significance levels for each of the constants for each of these
individual sets. The data sets that have been marked by an asierix
are those that have high significance levels for one or more of the
fitted constants. The only dara set for which all four fitted constants
have acceptable significance levels for the chosen form of the

TABLE?7
CONSTANTS, MULTIPLE CORRELATION COEFFICIENT AND SIGNIFICANCE LEVELS FOR THE UCT
SSVI FAMILY DATA ON THE BASIS OF THE SINGLE STEP CORRELATION

Reference na B ¥ b r
UCT S8V family 2.45095 0.00636 0.15128 0.00287 0.849
Significance level <0.001 <(.001 <0.001 <{.001
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Ln V, vs. SSV! for the UCT SSV! family data set
showing the 68 data groups and the best fitted and
95% confidance fimit fines

equation is that collected by Pitman (1984} at the Goudkoppies
(GK) plant. The fact that the Pitman - GK setalso has ali fourterms
significant and yet could not be pooled into the UCT SSVI family
supports the previous conclusion regarding the necessity of all
pooled sets exhibiting both the same trend and the same degree of
the trend. The remaining three data sets (UCT ( 1986) - CF, UCT
(1986) - MP and Wahlberg and Keinath (1988)) could not be
pooled because each has different terms that are not significant in
the correlation.

With regard to the Pitman - GK set, this set was measdred on
a3-stage Bardenphobiological N and Premoval plant and is clearly
distinct from the Pitmar OF and Pitman AX nitrification -
denitrification plants {see Table 2}. These differences in system
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TABLES
FITTED CONSTANTS FOR SSVI OBTAINED USING THE SINGLE STEP MET!{0D FOR THE UNPOOLED
Referance no ] ¥ 5 r?
|
UCT (1986) - CF 4.18488 0.02020 0.461G1 0.00027 0.982
UCT (1986) - MP 3.27466 (.13965 0.54118 -0.00008 0.960
W&K (1988) 241854 0.00487 0.22175 0.00236 0.744
Pitman (1984) - GK | 2.70065 0.00808 (.22632 0.00264 0.916
TABLE9
SIGNIFICANCE LEVELS FOR THE FITTED CONSTANTS OF THE UNPOCLED S§8VI,, GROUPS
Reference ina ¥ &
8ig. lovel $ig. level Sig. lavet Sig. level
UCT (i986) - CF <(.00} <0.001 <0.001 0.666 *
UCT (i986) - MP <0.001 0.004 £.003 0.940 *
W&K (1988) <0.00! 0.0178 <0.001 <0001 *
Pitman {1984) - GK <0.001 <0.001 <0,001 <0601
LnVo vs SSV! nvs SSVI
UCT FAMILY CONTAINING 68 GROUPS UCT FAMILY CONTAINING 68 GROUPS
4.0 0.8 =
5 ] 07 B
_‘E 30 - mn l 95% confidence limits @ 0.5
o 257 e Y € 4 .
> - .47 N e
5 204 = 05 I 95% confidence hmrts_u
1.5 o 0.21
4 T — T 4 — T T
W0 % 80 180 130 A0 160 180 260 220 %1% d 60 B0 100 20 140 100 180 20 220
SSVI {mlfg) S5V (mifg)
L- data points —— single step —- double stepW = date points —— single step —— double step—l
Figure 16 Figure 17

n vs. S3VI for the UCT SSVI family data set showing
the 68 data groups and the best fitted and
126% confidence limit lines

design and operation would probably cause the differences in the
data sets and indicate that the factors that influence ZSV are not
fully described in the measurement of only X and SSVI, .. The
Wahlberg and Keiaath (1988} data set, obtained from fully aerobic
plants, and the UCT (1986) - MP and - CF data sets, obtained from
nitrification-denit ification plants, were all measured over a very
narrow range of $SVI_ . V_and n values (Table 3).

Accepting th: UCT SSVI family as the basic data set for
linking the SSVL ;1o the V_and a values, Figs. 16 and 17 show
plotsof LnV_and n against SSVL . illustrating both the data points
and the fitted line with its 95% confidence limit lines.

For comparative purposes, Figs. 18 and 19 show fo the same
scale plots of Ln V_and n against SSVI, , for the data collected by



LnVo vs SSVI
PITMAN-GK SET CONTAINING 88 GROUPS
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Figure 18

Ln ¥, vs. S8VI for the data set coilectad by Pitman (1984)
at the Goudkoppies plant showing the 89 data groups
and the best fitted and 95% canfidence limit lines

LnVo vs DSVI
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Figure 20
Ln V, vs. DSVI for the UCT DSV family data set

Pitman {1984} at the GK plant which, as stated before, has all four
terms significant but cannot be pooled with the UCT SSVI family.

Pooling the DSV] data

The only group of data that could with reasonable reliability form
the basis of a function between V,_and the DSVI and X was the
UCT (1986) group; both the Koopman and Cadee (1983) and
STORA (1981b) datahad to be rejected because their concentration
ranges were too narrow (Table 3). Of the UCT group, the biggest
possible sample that could legitimately be pooled was one
comprising the Lukuko (Lk) and Wallace (W1) data sets. The
pooled data set, called the UCT DSV1 family, consisted of 34

nvs SSVi
PITMAN-GK SET CONTAINING 89 GROUPS

95% canfidence (mits

n {m3/kg)

e 60 7o 80 90 180 110 120 130 140
&SVt (miig)
LI data pointe —— single stap —— doubles\ep:!
Figure 19

n vs. 88Vl for the data set coffected by Pitman {1984)
al the Goudkoppias plant showing the 88 data groups
and the best fittad and 95% confidence limit lines

n vs DSVI
UCT DSVI FAMILY CONTAINING 34 GROUPS
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DSV {mife)
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Figure 21

n vs. DSV for the UCT DSV farnily data set

groups of DSVIand V_ and n pairs from a total number of 239V -
X data points,

The statistical pooling tests showed that the UCT (1986) - Dk
and UCT (1986) - CT data sets could not be pooled into a separate
family and had to be treated fndividually,

The UCT DSVI family comprising the UCT (1986) - Lk and
- W) dara sets was subjected to a linear regression analysis on
Eq. (5). The constants, multiple correlation coefficient and the
significance levels obtained are listed in Table 10.

Al t (significance level) values for the estimates of the fitted
constants (In o, §, y and 8) were found 10 be greater than the
critical t values, indicating that each of the ferms is significant in
contributing to the multiple correlation coefficient. The F ratio for
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TABLE10
CONSTANTS, MULTIPLE CORRELATION COEFFICIENT AND SIGNIIICANCE LEVELS FOR THE UCT
DSVI FAMILY DATA

FITTED CONSTANTS FOR DSVI OBTAINED USING THE SINGLE STEP METHOD FOR THE
UNPQOLED DSVI GROUPS

Reference Ino B ¥ & rz
Pooled DSV group | 1.84931 0.00084 0.19818 0.00123 0.776
Significance level <0.001 <0.001 <0.001 <(.001

1' TABLE 11

Reference th o i) [ ¥ & r
UCT (1986) - Dk 2.57637 0.00395 0.04934 0.00304 0.841
UCT (1986) - CF 3.35136 0.00088 0.45652 0.00029 0.974
TABLE 12
SIGNIFICANCE LEVELS FOR THE FITTED CONSTANTS OF THE UNPOOLED DSVIGROUPS
Reference ne B i 8 )
Sig. fevel Sig. level Sig. level Sig. level
UCT (1986} - Dk <0.001 0.012 0.139 <001
UCT (1986) - <(.00! <(3.001 <(0.001 0.557

the full regression was found tobe F = 221.925. This indicates that,
on the basis of a 1% risk, the least squares equation is a good
predictor becavse the calculated F statistic is greater than the
tabulated F statistic F(3,195,0.99) = 3.7%.

The fitted constants for the rentaining data sets that could not
be pooled into one group are detailed in Table 11, These constants
are those obtained by the single-step method of regression. Table
12 shaws the significance levels for each of the constants.

The high significance levels for [} and ¥ for the UCT (1986)
- Dk data and 6 for the UCT (1986) - CF data support the finding
that these data sets could not be pooled with the rest of the DSV!I
group.

Figures 20 and 2! show plotsof Ln V_ and n against DSVI for
the pooied UCT DSVI family data set.

Discussicn and conclusions

The principal objective of the suaristical evaluation was 1o derive
empirical relationships linking the zone settling velocity, V , and
V_ and n values in the V =V _e™ function to the SSVL,,, DSVI or
SVI sludge 5ettleab1hty parameters These relationships would
engble he V_and n values to be calculated from the measured
SSVY,  or DSVI so that the full-scale settling rank solids loading
tests undertaken by STORA (1981b) ¢could be used for verification
of the flux theory as a reliable dynamic simulation model far
secondary settling tanks (Ozinsky et al. (in prep.), Part 3): and to
establish to what degree the SST behaviour embodied in the
empirical relationships of the ATV (1973; 1976;1991) and STORA
(1981b; Stofkoper and Trentelman, 1982; Epskamp and Van
Hernen, 1984) design procedures flows naturally from a flux
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theory-based dynamic activated sludge - SST model (Ozinsky and
Ekama (in prep.), Pirt 4). The relationships established are
summarised in Table 13. In order to compare these relationships
with those obtained varlier by other researchers, see Figs., 22
and 23.

While the use of th: V_and nvs SSVI,, or DSVIrelationships
may be appropriate fo- our particular objectives, caution should
be exercised in using ‘hese relaitonships because not all of the
available data could be pooled into one family. This indicates that
factors other than concentration (X) and sludge settleability
parameter (SSP)influene the zone-settling velocity (V). ltappears
that activated sludge plant type is a factor which may cover a
number of subfactors st ch as temperature, filamentous organism
types, biological N and P removal, fully aerated, etc. Use of the
proposed relationships therefore should be restricted as far as
possible to the type of ac ivated sludge plants on which the data set
was measured. The SSV, , relationship is superior because it is a
better measure for studge: settleab;lny than tite $V1 and it is based
on a larger data set than ‘he DSVI relationship. Consequently, in
the simulation of the STCRA full-scale settling tank solids loading
tests (see Ozinsky et al. (i1 prep.) Part 3), the Vv, and i values were
calculated with the aid of Egs. (2) and (3) where the In o, §, v and
8 values are those for the UCT SSVI family given in Table 7.

Comparing the UCT SSV1 family V_ and n vs. S5VL,,
relationships. it can be secn that these compare very closely w:th
those developed earlier by Ekama and Marais (1986) (see Figs. 22
and 23 respectively). This close correspondence tmplies that the
permissible overflow vate and applied solids loading vs. sludge
settleability graphs develcped by Ekama and Marais (1986) fin
particular, their Figs. 11 an 1 12) will not be significantly different,



Vo vs SSVI

All relationships proposed to date

16

Vo {m/h)

G T 1 T
0 50 100 150 200 250
S8Vl (ml/g)
—=—~ UCT SSVI family —<— Pitman GK —#-~ Ekama & Marais
®  Hartley A Rachwal -+ W&K{1988)
Figure 22
All relationships for V_ vs. SSVI, , proposed to date
UCT SSVI family: V. = 11.599el0006ms5u) (r*(overall) = 0.849)
Pitman (1984) - GK: V, = 14.889glC00e0e55v) (r*(overall} = 0.918)
Ekama and Marais {1986): V, = groomessvideg 8779+0.01854*SSV1) (r’= 0.976)
Hartley {1985} 8§ data points
Rachwal et al. (1982): 4 data points

. Wahlberg and Keinath (1988): V, = 16.3-0.00615*SSVI

nvs SSVI

All relationships proposed to date
1.2 .

1.0

n (m3/kg)

0.0 T T T T
0 50 100 150 200 250
S8VI (ml/g)
—&~ UCT S5Vl family —<— Pitman GK -~ Ekama & Marais
®  Harlley A Rachwal —+- WE&K(1988)
Figure 23
All refationships for n vs. S8V, proposed lo date
UCT S8vI family: n = 0.15128+0.00287*SSVI (**(overall) = 0.849)
Pitman (1984) - GK; h = 0.22632+0.00264*SSVI  (X(overall) = 0.916)
Ekama and Marais (1986): n = 0.1602+0,00273*3SVI| (r2 = 0.976)
Hartley {1988): B data points
Rachwal et al. {1982): 4 data points
Wahlberg and Keinath (1988 n = 0.426 + 0.00384*SSVI - 0.0000543*S5VI?
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TABLE 13
SUMMARY OF RELATIONSHIPS ESTABLISHED BETWEIEN SLUDGE SETTLEABILITY PARAMETERS
SSP ssvi DSVI Ssvi
na 2.45095 2.70065 230854 2.14370
B 0.00636 0.00808 0.00297 0.00165
v 0.15128 0.22632 0.29721 0.20036
5 0.00287 0.00264 0.00095 0.00091
r 0.849 0.916 0.776 (1.8418
Data set UCT (1986) - Lk Pitman (1984) -GK | UCT (1986) - Lk Pitman - AX
UCT (1986) - Wi UCT (1986) - W1 Pitman - OF
UCT (1986) - Dk Pitman - GK
Pitman (1934) (AX) Pitman - NW
Pitman (1934) (OF) UCT (1986) - W1
Data range
SSp 33-209 65-125 44 - 357 44 - 360
X - 0.510- 15.50 0.95-8.54 0.51-12.18 0.510 - 12.80
v, 0.13-1584 014-62 0.15-7.56 0.14-10.9
No of data
v,X 603 225 239 713
SS5p 68 89 34 190
Plant long sludge age, 3/5 stage Bardenpho| 15 Western Cape No common
characteristic nitrification - plant for N and P plants, long sludge characteristics
denitrification (ND) | removal age ND
InV =Ina-p.SSP-vX - 38SPX (Eq. (5)
or
V_ = o exp (-f.5SP) and n =y + 8.55P
in
InV_=V e% (Egs. (1) - (3)
It is statistically permigsable to use either form because Eq. (5) (single-step me hod) does not give a
significantly improved 1* correlation compared with Egs. (1) - (3) (double-step method)

and can be used with the same margin of error as earlier.

Because the variousdata sets for a particular sludge settleability
parameter (SSP) could not all be pooled into a single family, it was
concluded that differences exist in the data sets which are not
accounted for in the measured parameters X and SSP. Itis interesting
to note that, for the SV, all the Pitman (1984} data (AX, OF, NW,
GK) could be pooled but, for the SSVI, , the GK data sct could not
be pooled with the AX and OF sets. Because the latter two plants
are extended aeration with N removal and the former a biological
N and P removal piant, the S8V1, , appears sufficiently sensitive in
distinguishing between these two plant operating conditions whereas
the SVIis not. Also, ali three of the UCT (1986) data sets measured
on 15 Western Cape plants (WI, Dk, Lk - alt long sludge age,
biclogical N removal, no P removal) could be pooled with the
Pitman (1984) OF and AX data sets. Since all these plants are
similar in design i.e. long sludge age nitrification-denitrification, it
seems reasonable that their data sets could be pooled. In contrast,
for the SVL, while all the Pitman (1984) data sets could be pooled,
(even though these are from two different plant types), the UCT
Western Cape plant SVI data could neither be pooled into a family
of their own nor with Pitman’s {1984) .

A possible reason for certain data sets not pooling with others
is the effect of nitrate concentration on the flux constant n,
Denitrification of nitrate may commence at high concentration in
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the multiple zone settling zatch test which settles for a long time.
The nitrogen gas generatec| would retard the zone-settling velocity
at high concentrations, which would cause the n value to increase.
This does not affect tte V_ value much because, at low
concentrations, the test 1eaches completion relatively quickly
(<1h}before significant (> 0mgNO ,-N-£1) denitrification can take
place. Curiously though, the n values for plants where this could
have been a problem (UCT" (1986) and Pitman (1984) groups - see
Table 13) are not high, in fact most are lower than for fully aerobic
plants (Daigger and Rcper, 1985). The potential effect of
denitrification on the V_and n value was tested as part of the UCT
(1986) - Dk data set, whi:h was measured on 15 Western Cape
plants. At all long sludge 1ge (>20 d) nitrification-denitrification
plants (ND) plants, no =ffect was observed and the nitrate
concentration was virteilly identical befere and after high
concentration ZSV tests. Only at one plant with a short sludge age
(~12 d) was denitrification a problem, but high concentration ZSV
tests could not be compleied because the sludge floated in under
1 h. The measure with wh ch denitrification may have influenced
all the different research:rs’ ZSV tests cannot be established,
However, it would appe:r that, for high temperature (>20°C),
intermediate sludge age (5 to 12 d) plants where nitrification is
possible and denitrification not complete, the effect may be severe,
While itis likely that not many of these kinds of plants are included



inthe data sets considered in this paper, the effect of denitrification
on the ZSV tests requires further investigation,

The above discussion serves to demonstrate that a consistent
pattern with regard to plant type for the SSVI1_, emerges, which
gives some confidence to the empirical relationships developed for
the pooled data sets. Furthermore, because the relationship was
developed on the basis of the UCT (1986) Western Cape Plant and
Pitman (1984) AX and OF data sets, all of which are long sludge
age nitrification-denitrification plants, the developed relationship
is particularly suited to the STORA {1981b) results because these
plants also were mainly long sludge age nitrification plants (with
some denitrification inevitably taking place in the poorer aerated
and mixed zones). 1t was accepted, therefore, that the flux theory
constants V_and n could be calculated with reasonable reliabitity
from the measured SSVI,, data for the simulation study which is
discussed in Part 3 (Ozinsky et al,, in prep.). Even though the DSVI
alsois a good sludge settleability parameter, because the empirical
relationship based on it was established on a rather limited data set
and has a lower multiple correlation coefficient than the SSVI it
was not regarded as being as reliable as the S8V, to estimate the
V_ and n for the flux theory verification against the STORA
(1981b) results.

Inconclusion, eventhough the empirical relationships developed
in this paper are based on a large data set obtained from different
countries, these relationships should be used with cantion for a
particular design application. The fact that not all the data sets for
a particular SSP could be pooled into one family indicates that the
zone-settling velocity V _is influenced by factors not incorporated
in the X and SSP measurements. The statistical analysis in this
paper indicates that plant type possibly affects the results. In this
regard, the SSVI_; proved more discerning than the SVI, which
appeared to allow and disallow pooling ot data sets more randomly,
This possibly arises in part from the weakness of the SVias asludge
seitleability measure.

Acknowledgements

The authors would like to thank Dr Glen Daigger of CHM Hill,
Denver, Mr Tony Pitman of the Johannesburg City Council, Prof
CPL Grady (Jr.) of Clemson University and Dr Eric Wahlberg for
supplying copies of their raw data.

Appreciation is also expressed to SP Robinson, HJ Craig, DS
Wallace, BG Robertson, AR Kockott, RM Lukuko and DR
Dickinson who did multiple batch zone settling, SVI, DSVI and
SSVI, | tests at different Western Cape activated sludge plants for
their B.Sc. theses on comparison of different design procedures in
1981, 1983, 1986 and 1987. Alsoto Grant Chapman, who conducted
some of the earlier statistical evaluations research with the
Statgraphics package.

References

ABWASSERTECHNIK VEREINIGUNG (ATV) (1973) Arbeitsbericht
des ATV-Fachausschusses 2.5 Aabseizverfahren. Die Bemessung der
Nachklarbecken von Belebungsantangen. Korrespondenz Abwasser
8 (20} 193-198.

ABWASSERTECHNIK VEREINIGUNG (ATV) (1976 Erlauterungen
und Ergéinzungen zum Arbeitsbericht des ATV-Fachausschiusses 2.5
Absetzverfahren. Die Bemessung der Nachklirbecken von
Belebungsanlagen. Korrespondenz Abwasser 8 (23) 231-235.

ABWASSERTECHNIK VEREINIGUNG (ATV)(1991)Dimensioning of
Single Stage Activated Sludge Plants upwards from 5000 Total

Inhabitants and Population Equivatents. ATV Rules and Standards
AL3L.

DAIGGER, GTand ROPER, RE (1985) The relationship between SV[ and
activated studge settling characteristics. JWPCF 57 (8) 859-866.
EKAMA, GAand MARAIS, GvR {1986) Sludge settleability and secondary

settling tank design procedures, Water Pollut. Control85 (1) 101-513.

EPSKAMP, RIC and VAN HERNEN, F (1984} New design guidelineg for
final settling tanks. Poster presented at [AWPRC's 12th Bienn. Int.
Conf. on Water Poltut. Control, Amsterdam.

HARTEL, Land POPEL, HJ (1992) A dynamic secondary charifier model
including processes of studge thickening. Water Sci. Technol. 25 (6)
267-284

HARTLEY, KJ (1985) Operating the Activated Sludge Process. Gutleridge,
Haskins and Davey Pty Ltd, Brisbane, Qld, Australia

KOOPMAN, B and CADEE, K (1983) Prediction of thickening capacity
using diluted sludge volume index. Water Res. 17 (10) 1427-1431.

MERKEL, W {1971} Untersuchungen iiber das Verhalten des belehten
Schlammes im System Belebungsbecken - Nachkliirbecken. Gews-
serschutz, Wasser-Abwasser, Aachen.

OSTLE, B (1963} Statistics in Research (2nd edn.), lowa State University
Press.

OZINSKY, AE und EKAMA, GA (1995) Secondary settling tank model-
ling anddesign Part 1: Review of theoretical and practical developments.
Water SA 21 (4) 325-332.

OZINSKY, AE, EKAMA, GA and REDDY, BD (In prep.) Secondary
settling tank modelling and design Part 3: Simulation of fult-scale
settling tank behaviour with the {lux theory. To be submitted to
Water SA.

OZINSKY, AE and EKAMA, GA (In prep.) Socondary scitling tank
modelling and design Part 4; Comparison of flux theory with empirical
design procedures. To be subsmitted 10 Water SA.

PITMAN, AR (1984} Setling of nutrient removal activated sludges, Proe,
i2th IAWPRC Conf., Amsterdam, Water Sci. Technol. 17 493-504.

RACHWAL, AJ, JOHNSTONE, DWM, HANBURY, MJ and CRIT-
CHARD, DI (1982) The application of settleability tests for control of
activated sludge plants. In: Chamber, B and Tomlinson, EJ (eds.)
Bulking of Activated Sludge - Preventatives and Remedial Methods,
Chapter 13. Ellis-Hopwood Publishers, Chichister. 224-242.

SMOLLEN, Mand EKAMA, GA (1984) Comparison of empirical settling
velocity equations in flux theary for secondary settling tanks. Water SA
10 (4) 175-184.

STOFKOPER, JAand TRENTELMAN, CCM (1982) Richtlijnen voor het
dimensioneren von ronde nabezinkiarks voor actiefslikinstallaties.
H,015{14)344-354,

STORA (Stichting Toegepast Onderzock Reiniging Afvabwater, now
STOWA - Stichting Toegepast Onderzoek Water, Postbus 8090, 3503
RB, Utrecht) (1981) Hydraulische en technologische aspecten van het
nabezink-process.

(1981a) Rapport 1 - Litcratuur.

(1981b) Rapport 2 - Ronde nabezinktanks (Praktijkonderzoek).
(1981c) Rappert 2 - Ronde nabezinkianks (Ontwerpgegevens en
bedrijfservaring).

(1983) Rapport 3 - Rechthoekige nabezinktanks (Inventarisatie en
praktijkonderzoek).

TUNTOOLAVEST, M and GRADY {Jr), CPL (1982) Effect of activated
siudge operational conditions on sludge thickening characteristics.
JWPCF34 () 1112-1117.

UCT (University of Cape Town) (1986) Unpublished data measured by
B.Sc. students Robinson SP, Craig HI, Wallace DS, Robertson BG,
Kockott AK, Lukoko RM and Dickinson DR. Dept. of Civil Eng.,
UCT, Rondebosch, 7700, Cape, RSA,

YESILIND, PA (1968) Design of prototype thickeners from batch settling
ests. Water and Sewage Works 15 302-307.

WAHLBERG, EJand KEINATH, TM (1988) Development of settling flux
curves using SVI. JWPCF 60 (12) 2095-2100.

WHITE, MID (1975) Settling of Activated Sludge. Technical Report
TR 11, Water Rescarch Centre (WRc), Stevenage Laboratory, Elder
‘Way, Stevenage, SGI 1TH, UK.

ISSN 0378-4738=Water SA Vol. 21 No. 4 October 1995 349



