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Abstract
In situ measurement campaigns of primary clariﬁers are rarely implemented properly because of their cost,
time, and energy demand. Hydrodynamic modelling possibilities for such reactors have been intensely examined recently, but on-site factors affecting ﬂow characteristics (e.g. ﬂow distributors) have not received
sufﬁcient attention. This paper describes the use of ANOVA in examining ﬁne resolution ﬂow datasets and
the related decision support method for in situ measurement campaigns and subsequent modelling processes.
The characteristics of the ﬂow and the applicability of 2D and 3D methods to investigate hydrodynamic features
are discussed through the example of a rectangular primary clariﬁer, also considering the reproducibility of
measurements ranging from typical nominal ﬂow rates to peak loads. Based on the data, recommendations
are provided on the adequate sizing of a measurement campaign, potentially reduced to a single longitudinal
section (2D measurement). According to our results, performing hydrodynamic measurements with a
2D-arrangement of measuring points is sufﬁcient in the case of such clariﬁers, also with regard to the
design processes. When applying the described methods, the related efforts and costs may be reduced and
estimated more easily. However, care should be taken when applying this method to determine the spacing
of measuring points correctly.
Key words: ANOVA, ﬂow characteristics, ﬂow measurement, primary clariﬁer
Highlights

•
•
•
•
•

Uncertainties of in situ measurement and CFD modelling of a primary clariﬁer.
Decision support method based on a statistical analysis (ANOVA) is introduced.
A rectangular PST is examined ranging from typical nominal ﬂow rates to peak loads.
2D-arrangement of measuring points (single longitudinal section) is sufﬁcient.
Near the bottom, the distance between measuring points should not exceed 0.3 m.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC BY 4.0), which permits copying,
adaptation and redistribution, provided the original work is properly cited (http://creativecommons.org/licenses/by/4.0/).

Downloaded from http://iwaponline.com/wpt/article-pdf/16/2/420/874026/wpt0160420.pdf
by guest

421

Water Practice & Technology Vol 16 No 2
doi: 10.2166/wpt.2021.006

Graphical Abstract

INTRODUCTION
Regarding the settling tanks used for wastewater treatment, very few references are available on the
implementation of in situ measurement campaigns using measuring proﬁles; that is, vertical proﬁles
along which ﬂow and/or water quality are measured (Imam et al. 1983; Mazzolani et al. 1998; Ekama
& Marais 2000; Patziger 2007; Burt 2010; Ramin et al. 2014; Patziger & Kiss 2015; Das et al. 2016). Campaigns including repeated measurements for a given reactor at identical or different loads are even less
frequently implemented. Comprehensive measurements require extra budget, time and effort regarding
planning and the evaluation of data on behalf of researchers and/or designers. On the other hand, the drawing of in-depth conclusions about the hydrodynamic behaviour of the liquid in a wastewater reactor
requires carefully measured datasets and their statistical evaluation regarding ﬂow and turbulence features.
Table 1 lists some references related to ﬂow measurements in settling tanks. In these, various solutions were applied regarding the distribution of measurement points in the tanks. Cases where
measurement points were arranged on a vertical plane are referred to as having a 2D measurement
scale, whereas 3D measurement scale implies the application of several planes and sections. Numbers
of replicates are also indicated. Campaigns in recent years have been characterized by 3D measurement scales and an increased number of replicates under identical hydraulic conditions,
presumably as a result of technological improvements.
In addition to ﬂow measurements, modelling is another common tool that promotes the understanding of the hydraulic behaviour in wastewater treatment reactors. Modelling is also used in
other types of research projects in the water management sector. Just like SSTs, PSTs may also be
modelled by CFD (Computational Fluid Dynamics). While SSTs have been widely investigated,
PSTs have gained less attention in this respect; however, an increasing number of research papers
have been published in recent years. PSTs and SSTs have been modelled mainly in 2D (see Mazzolani
et al. (1998), Patziger (2007), Razmi et al. (2009), Rostami et al. (2011), Shahrokhi et al. (2012; 2013);
Ramin et al. (2014), Gao & Stenstrom (2018), and Valle Medina & Laurent (2020). However, some of
these clariﬁer reactors have also been analysed in 3D, when ﬂow distribution is needed to be
described in detail including, for instance, the effects of ﬂow distributors at the inlet structures,
unequal wastewater load in the tank, or even those of the wind (Kiss 2013; Das et al. 2016; Gao &
Stenstrom 2019a, 2019b). The application of 3D methods is usually indispensable in reactors characterized by a highly turbulent ﬂow induced by ﬂow generators or aerators, such as impellers or
agitators i.e. in anoxic and aerobic tanks, coagulators/ﬂocculators, fermenters, sludge conditioning
tanks etc. (see Alleyne et al. 2014; Karpinska & Bridgeman 2016, 2017; Skáfár et al. 2016).
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Table 1 | References with ﬂow measurements
Measurement scale
(distribution of
measurement points in the

Number of

Reference

Type of settling tank

tank)

replicates

Larsen (1977) (cited as data for
veriﬁcation by Mazzolani et al.
(1998), Wicklein & Samstag
(2008)

Rectangular ST

2D full-scale

–

Imam (1981) cited by Imam et al.
(1983) (cited as data for
veriﬁcation by Rostami et al.
(2011))

Rectangular ST

2D laboratory-scale

–

Lindeborg et al. (1996)

Rectangular PST

3D full-scale

–

Winkler (2001)

Rectangular SST

2D pilot-scale

2–3, depending
on the
conditions

Patziger (2007)

Circular SST

2D full-scale, one radial
section

3

Razmi et al. (2009)

Rectangular PST

2D laboratory-scale

6

Burt (2010)

Circular SST

2D full-scale, one radial
section

3

Shahrokhi et al. (2013)

Rectangular PST

2D laboratory-scale

4

Ramin et al. (2014)

Circular SST

3D full-scale

–

Patziger & Kiss (2015)

Rectangular PST

3D full-scale

3, for each load
level

Kemper (2016)

Stormwater ST: (1) without lamellae,
(2) without lamellae, but with treated
water troughs and (3) with lamellae
and treated water troughs

3D laboratory-scale

2–4, depending
on tank
properties

Gregušová et al. (2017)

Rectangular and circular ST

3D full-scale

Not speciﬁed

Measurement scales and numbers of replicates are indicated. ST: primary settling tank; PST or SST: secondary settling tanks.

Obviously, examining a reactor in 3D requires extended measurements and increased modelling
time and computing effort. These may be saved using 2D modelling, when axial ﬂow, symmetric
ﬂow or plug ﬂow is assumed. Mesh generation and the number of cells in 3D modelling require massive computing power. For example, building a 3D model for a PST in a CFD environment may
require as many as 4,756,653 cells and excellent mesh quality (Figure 1), while in the case of 2D
models, 16,045 cells will already give satisfying mesh quality. Hence, 3D modelling presumes more
sophisticated mesh design and cell geometry than 2D methods, while the latter ones are usually
easier to handle and the related on-site measurements are simpler to perform.
Examinations were performed on the accuracy of in situ 3D ﬂow measurements in a PST and an
anoxic tank (Kiss & Patziger 2018). A useful protocol for practical in situ measurements using
ADV (Acoustic Doppler Velocimetry) in PSTs and anoxic tanks was developed and several comparisons were made between non-ﬁltered and ﬁltered data series focusing on the most important
turbulence features, such as TKE (turbulent kinetic energy), Tu (degree of turbulence), LEI (characteristic eddy scale) and Dt (turbulent diffusion coefﬁcient). The authors concluded that in PSTs, the
ﬁltering of measured data inﬂuenced measuring uncertainty to a lesser extent than repeating the
measurements and lateral eddy diffusivity had a signiﬁcant inﬂuence on turbulence features of wastewater in the tank.
The study analysed full-scale measurement datasets for a conventional rectangular PST by means of
analysis of variance (ANOVA) (Bolla & Krámli 2005, 2012), applying this statistical test in a uniquely
new, innovative way to quantify ﬂow characteristics from the following aspects: (i) How to arrange
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Figure 1 | Top: Location of the examined PST in the Graz WWTP and the inlet structure of the tank. Bottom: Measuring raster.

measuring points in space to describe the hydrodynamic features of the ﬂow (2D or 3D)? (ii) Is it
necessary to repeat measurements? (iii) What is the ﬂow characteristic?
ANOVA is a widely used statistical method for the analysis of linear models, for example when planning experiments or for the purposes of quality control (Bolla & Krámli 2005, 2012). In our paper, the
effects of different loads ranging from the nominal load (ATV-DVWK A 131 2016) to the peak load are
discussed. Our main goal was to propose a decision support method through system analysis for the
implementation of in situ measurement campaigns and subsequent CFD modelling. The dimensions
and extent of measurements and modelling for this particular type of reactor are discussed.

METHODS
Measurement campaign

The measurement campaign (Patziger & Kiss 2015) was implemented at the Graz Municipal
Wastewater Treatment Plant (Graz WWTP). The nominal capacity of the plant is 500,000 PE,
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90,000 m3 d1 with peak capacities of 1,600 l s1 and 3,200 l s1 (in dry and wet weather,
respectively).
One of the four rectangular PSTs of the plant was investigated as presented by Patziger & Kiss
(2015).
The tanks are 32.50 m long, 7.00 m wide and 3.95 m deep on average (Figure 1). At the front, sludge
hoppers are installed under the tank inlets. Rectangular inlets are positioned high above the bottom
and near the water surface. Wastewater ﬂows into the tanks through lamellae, which dissipate its kinetic energy (Figure 1) (Patziger & Kiss 2015). Moreover, wastewater ﬂows into the tank through
circular pipes, with their openings over the water surface, on both sides. The bottom of the tanks is
slightly sloped. Settled sludge is removed by a scraper and pushed towards sludge hoppers at a
speed of less than 0.02 m s1 to avoid disturbing settling and thickening processes at the bottom.
After primary settling, wastewater leaves the tank through efﬂuent weirs located at the back.
1.1-1.2-1.3-1.4 measurement points have 0.50 m distance from each other vertically, while between
1.4–1.5 and 1.5–1.6 points, 0.40 m and 0.30 m were in one proﬁle, respectively (Figure 1).
To investigate hydrodynamic behaviour, the measuring method developed and successfully used for
the examination of SSTs (Patziger et al. 2005, 2012) was adapted.
The ﬂow pattern was analysed by ADV ‘NORTEK Vector’ (Nortek AS 2005), which is able to detect
very low velocities and turbulence features even in the range of mm s1. Measuring points in the raster
were aligned along four longitudinal sections. Sections 2 and 4 are positioned to the left and the right
of Section 3, respectively, at identical distances (Figure 1) (Patziger & Kiss 2015). Measured velocity
components were u, v and w belonging to the directions x, y and z, respectively. TKE values were
derived from velocity variance by means of the statistical analysis of ﬁne scale velocity data
(16 s1) (Patziger & Kiss 2015).
Measurements were performed at three surface overﬂow rates (qA ¼ 5, 9.5 and 13 m h1) calculated
as follows:
qA ¼

Q in
APST

(1)

where
qA is the surface overﬂow rate [m3 m2 h1 ¼ m h1];
Qin is the inﬂow ﬂow rate into the PST [m3 h1];
APST is the surface area of the PST [m2] and
qA ¼ 5 m h1; very close to the typical design rate, 1–4 m h1.
The higher turbulence in the PST was investigated by an overﬂow rate of qA ¼ 9.5 and 13 m h1.
Measurements were repeated three times for each surface overﬂow rate, resulting in the components u1, v1, w1, u2, v2, w2, u3, v3 and w3. This solution facilitates a thorough analysis of
individual load levels.
Flow distribution was investigated using the vectors calculated from u and w from the longitudinal
sections 1, 2, 3 and 4. 3D images of resultant velocity vectors are also presented, providing comprehensive information on the effect of the lateral velocity components (v-components).

ANOVA

Data were analysed by 2-way ANOVA with interaction (hereinafter 2i). For the purpose of statistical
analysis, data were arranged in a table according to two treatments (Bolla & Krámli 2005, 2012). Data
classiﬁed according to two criteria may be arranged in k·p groups. More than one (n) observations
are contained in a single cell, and an interaction is assumed between the two investigated effects
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(effects a and b). Independent, homoscedastic sample items are marked as Xijl (i ¼ 1, …, k; j ¼ 1, …, p;
l ¼ 1, …,n). The sample size is k·p·n. We assume that the linear model Xijl ¼ m þ ai þ bj þ cij þ 1ijl
~ (0, s2 ) items are independent and identically
applies, where cij items are the interactions and 1ij N
distributed (i.i.d.). Normalization is calculated as:
k
X

a i ¼ 0,

p
X

i¼1
k
X

bj ¼ 0

(2)

j¼1

c ij ¼ 0 (j ¼ 1, . . . , p)

and

i¼1

p
X

c ij ¼ 0 (i ¼ 1, . . . , k)

(3)

j¼1

To analyse variance (Q, the sum of the squared deviations from the mean), an ANOVA table was
used (Table 2).
In the cases of μ ≠ 0, we presume a lack of interactions:
H 0ab : c ij ¼ 0, (i ¼ 1, . . . , k; j ¼ 1, . . . , p)

(4)

If the hypothesis is accepted (no interaction), our null-hypothesis will be
H 0a : a 1 ¼ a 2 ¼    ¼ a k ¼ 0

(5)

and
H 0b : b 1 ¼ b 2 ¼    ¼ b p ¼ 0:

(6)

To test these hypotheses, the F-test is applied, using the following formulas:
Below H0ab F ab ¼

S 2c ~
F ((k  1)(p  1), kp(n  1)
S 2e

(7)

Below H0a Fa ¼

S2a ~
F (k  1, kpn  k  p þ 1)
S2e

(8)

Below H0b Fb ¼

S2b ~
F ( p  1, kpn  k  p þ 1)
S2e

(9)

Table 2 | Equations of 2-way ANOVA with interaction (Bolla & Krámli 2005, 2012)
Cause of deviation

Effect a
Effect b

Sum of squares

Qa ¼ pn
Qb ¼ kn

k
P
i¼1
p
P
j¼1

Interaction between a and b
Random error

Qc ¼ n
Qe ¼

Degree of freedom

 i::  X
 ... )2
(X

k1

 :j:  X
 ... )2
(X

p1

p
k P
P
 ij:  X
 i::  X
 :j: þ X
 ... )2
(X

i¼1 j¼1
p P
k P
n
P

i¼1 j¼1 l¼1

 ij: )2
(Xijl  X

(k  1)(p  1)
kp(n  1)

Empirical variance

Qa
k1
Qb
S2b ¼
p1
S2a ¼

Qc
(k  1)( p  1)
Qe
S2e ¼
kp(n  1)

S2c ¼

 i:: : average of data in Group i for Effect a; X
 :j: : average
k: number of groups, Effect a; p: number of groups, Effect b; n: sample size in for a given measuring proﬁle, X
 ij: : average of data for a given measuring proﬁle, X
 ... : average of all the measured data (k·p·n), Xijl : any data in the dataset.
of data in Group j for Effect b, X

Downloaded from http://iwaponline.com/wpt/article-pdf/16/2/420/874026/wpt0160420.pdf
by guest

426

Water Practice & Technology Vol 16 No 2
doi: 10.2166/wpt.2021.006

At the given signiﬁcance level, the result of the F-test indicates whether the difference between the
examined groups exceeds the variation within the groups. For our PST data, a signiﬁcance level of
99% was chosen to avoid Type-I error (rejection of a true null-hypothesis).
Two analyses were carried out using 2-way ANOVA with interaction (Table 3) at qA1 ¼ 5 m h1 (2i/1
and 2i/2). However, only one analysis was performed at qA2 ¼ 9.5 m h1 and at qA3 ¼ 13 m h1 each
(2i/1). The effects a and b were used to analyse the dimensions of hydrodynamic ﬂow characteristics
(D), measurement reproducibility (R) and ﬂow characteristic (FC). In Table 3, groups used for a
given analysis are marked by ellipses/circles drawn with a continuous line. F-values are calculated
and averaged for the data framed with a dashed line.
Effect a, 2i/1: Data were analysed to establish the reproducibility of measurements regarding ﬂow
components (Table 3). Data included in the analysis were measured for the same cross-section and at
the same surface overﬂow rate, but on different days.
Effect b, 2i/1: Data were analysed to establish the dimension of hydrodynamic ﬂow characteristics
(Table 3). Data included in the analysis were the velocity components measured along the proﬁles of a
given cross-section. Similar results are referred to as 2D, while different ones as 3D.
Effect a, 2i/2: Data were analysed to establish the reproducibility of measurements (Table 3). Data
included in the analysis were measured for the same longitudinal section, but on different days.
Effect b, 2i/2: Data were analysed to characterize the ﬂow developing in the PST. Data included in
the analysis were the velocity components measured along the proﬁles of a given longitudinal section.

RESULTS AND DISCUSSION
Flow distribution

At a surface overﬂow rate of qA1 ¼ 5 m h1, the ﬂow pattern is strongly affected by high vertical velocity components (w . 0.025 m s1) (cross-section A in Figures 2 and 3) which stir up and dilute
settled sludge in the sludge hopper and in the layer closest to the bottom. These components are generated by the design of the water inlet structure (lamellas positioned on the outer side of the inlet
structure and directly in the settling zone as well as too low HRT in the inlet structure resulting in
the insufﬁcient dissipation of energy) and the jet ﬂow developing along the tank. Results clearly indicate that kinetic and potential energy of the jet ﬂow at the inlet need to be sufﬁciently dissipated
within the inlet structure. For that, the design of the inlet structure should rely on hydrodynamic principles (satisfying the demands related to volume and HRT as well as optimal geometry).
Due to the concentration of suspended solids in the inﬂow and the much lower sludge mass stored
in PSTs compared to that in the case of SSTs, the ﬂow and transport processes of the already settled
and thickened sludge mass do not affect the ﬂow pattern considerably. Therefore, density effects in
PSTs like the ‘density waterfall’ (Krebs 1991; Patziger 2007) in the inlet zone and density currents
within the settling zone may be neglected (Figures 2 and 3).
In the examined PST, the distribution of velocity vectors in the longitudinal sections 2 and 4 were
not homogenous (section 3 is located on the longitudinal axis of symmetry), in the ﬁrst half of the tank
(differences were particularly pronounced in the cross-sections A and B). Velocity vectors pointing
backward (i.e. in the direction of the inlet point) are found in higher numbers in Proﬁle A of section 2,
while proﬁle A of section 4 contains more vectors pointing forward (i.e. in the direction of the outlet
point). Visual evaluation also conﬁrmed a slightly asymmetric ﬂow behaviour at a load of 5 m h1
(Figures 2 and 3).
The 3D images of resultant velocity vectors are provided in Figure 3 where the effects of lateral
velocity components are prominent already in the recommended nominal surface overﬂow range
(1–4 m h1).
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Table 3 | 2-way ANOVA with interaction on PST data (groups used for a given
analysis are marked by ellipses/circles drawn with a continuous line

F-values are calculated and averaged for the data framed with a dashed line.
The results of ANOVA for the reproducibility of measurements are symbolized by ‘Rþ’, if the data
measured on a given day may be replaced by those from another measuring day and ‘R’, if the data from
different measuring days cannot replace each other.
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Figure 2 | Velocity distribution of the vectors of u-w in the four longitudinal sections at qA1 ¼ 5 m h1. The cross-sections 2 and
4 (marked by purple frames) may be compared to the ones on opposite sides of the symmetry axis. The full colour version of
this ﬁgure is available in the online version of this paper, at http://dx.doi.org/10.2166/wpt.2021.006.

Figure 3 | 3D images of resultant velocity vectors [m s1] by qA1 ¼ 5 m h1.

At surface overﬂow rates exceeding 5 m h1, the loads 9.5 and 13 m h1 had higher impact on the
ﬂow ﬁeld and the distributing effect of the inlet structure was more pronounced. Higher velocities and
a more obvious upward pattern were observed near the inlet point at loads of 9.5 and 13 m h1. This
phenomenon may result in the inﬂowing wastewater disturbing the already settled sludge near the
sludge hopper. The ﬂow pattern is strongly affected by high-velocity components induced by the
design of the inlet structure (too low hydraulic retention time, lamellae), and the current developing
along the tank (Patziger & Kiss 2015). While at a load of 9.5 m h1 some small asymmetric currents
were observed (Figures 4 and 5), at 13 m h1 velocity vectors of extreme magnitude developed
(Figures 6 and 7).
The 3D images of resultant velocity vectors for the rates 9.5 m h1 and 13 m h1 are presented in
Figures 5 and 7, respectively. We may conclude that the higher the surface overﬂow rate, the larger
the lateral velocity components become. This is caused by the ﬂow distribution structure. For all
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Figure 4 | Velocity distribution of the vectors u-w in the four longitudinal sections at qA2 ¼ 9.5 m h1 (the cross-sections 2 and
4 (marked by purple frames) may be compared as ones on opposite sides of the symmetry axis). The full colour version of this
ﬁgure is available in the online version of this paper, at http://dx.doi.org/10.2166/wpt.2021.006.

Figure 5 | 3D images of resultant velocity vectors [m s1] at qA2 ¼ 9.5 m h1.

the three examined loads (5, 9.5 and 13 m h1), the volume facilitating efﬁcient sedimentation is
lower than that of the tank, as indicated by the vectors pointing upward and backward (in the
direction of the inlet) typically occurring in the ﬁrst third of the tank.
ANOVA

According to the results of ANOVA 2i/1, there was no interaction between the examined aspects
regarding either velocity or turbulence (Figure 8). Averages stayed below the F99% limit. Interaction
(in the cases of w and TKE) could only be shown for cross-section B. This proves that values of the
w-component measured on different days depended on the proﬁles where they were measured. The
analysis of Effect a yielded no difference between the data measured on different days with
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Figure 6 | Velocity distribution of the vectors of u-w in the four longitudinal sections at qA3 ¼ 13 m h1 (the cross-sections
2 and 4 (marked by purple frames) may be compared as ones on opposite sides of the symmetry axis). The full colour version of
this ﬁgure is available in the online version of this paper, at http://dx.doi.org/10.2166/wpt.2021.006.

Figure 7 | 3D images of resultant velocity vectors [m s1] at qA3 ¼ 13 m h1.

F99%(2,66) ¼ 4.94 (20/20). Nevertheless, Fa values showed an increasing trend in the direction of the
last cross-section (Figure 8). Thus, this measurement may be considered reproducible (Rþ). Similarly,
based on the averages, no difference was found between the measuring proﬁles in a given cross-section at F99%(3,66) ¼ 4.10 (15/20) with respect to Effect b (Figure 8). This means measurements as well
as subsequent modelling may be performed in 2D with high certainty. Signiﬁcant differences at F99%
could only be observed for cross-sections A and B, generated by w and TKE; and by u, w and TKE,
respectively. Differences were apparent by the large velocity components and high turbulence that
characterize the area in the vicinity of the inlet structure of the PST.
No interaction could be shown by the 2i/2 analysis for the data measured at 5 m h1 (for Fab-values,
see Figure 9). Data measured on different days were similar at F99%(2,66) ¼ 4.94 (20/20) (Effect a),
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Figure 8 | Results of ANOVA 2i/1 for data measured at 5 m h1.

Figure 9 | Results of ANOVA 2i/2 at 5 m h1.

conﬁrming reproducibility (Rþ). With respect to Effect b, a signiﬁcant difference could be observed at
F99%(3,66) ¼ 4.10 (9/20) between the data measured in proﬁles within given longitudinal sections
(Figure 9). High F-values were caused by the w component and thus F-statistics calculated for Vm
and TKE exceeded the signiﬁcance level in most cases. This result indicates that vertical velocity components changed along the PST and high vertical component values were present. Therefore,
appropriate choice of distance is recommended between measurement points vertically.
The results of ANOVA at qA1 ¼ 5 m h1 are summarized in Table 4.
The results of 2i/1 ANOVA at qA ¼ 9.5 and 13 m h1 indicated interactions related to the w component, TKE and u-component, Vm, TKE, respectively. Regarding the other data, no signiﬁcant
relationship could be shown between the effects. At 9.5 m h1, no signiﬁcant difference was observed
at F99%(2,66) ¼ 4 regarding the average of Fa values at Effect a. However, w-component at crosssection A and TKE at cross-section D step over the signiﬁcance level. Accordingly, ﬂow features
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Table 4 | Summarized results of ANOVA at qA1 ¼ 5 m h1

Method

Analysis
No.

2-way ANOVA with interaction 2i/1
2i/2

Effect

Aim

Results

a
b
a
b

R
D
R
FC

Rþ
No signiﬁcant difference between proﬁles within a cross-section → 2D
Rþ
Vertical velocity component varies along the PST

measured on different days (Rþ) did not differ signiﬁcantly. In the case of Effect b, data did not differ
signiﬁcantly at F99%(3,66) ¼ 4.1 (Figure 10); that is, data measured along a vertical line were not signiﬁcantly different within a given cross-section. Accordingly, we may conclude that clariﬁers
belonging to this type may be safety analysed by 2D methods (measuring, modelling). At the referred
load, the w-component and TKE were signiﬁcantly different at F99% in the cross-sections A and D
regarding Effect a. The data for the w component were signiﬁcantly different at F99% in cross-section
B regarding Effect b.

Figure 10 | Results of ANOVA 2i/1 at 9.5 m h1.

Data were less consistent at 13 m h1, but no interaction and no difference could be observed
between velocity and TKE values measured on different days (Effect a: F99%(2,66) ¼ 1.882) (Figure 11)
(Rþ). Furthermore, the analyses of respective ﬂow features regarding measuring proﬁles showed the
similarity of data within one cross-section (Effect b: F99%(3,66) ¼ 3.913) (Figure 11). Regarding Effect
a, a signiﬁcant difference could be observed at F99%, caused by the w component and TKE in crosssection A and B, respectively. F-values regarding Effect b showed a higher variance, signiﬁcant at
F99%, caused by the v-component, the w-component; u-component and Vm; and u-, w-component
and Vm in the cross-sections A, B, C and D, respectively. Average differences between the data
measured along different proﬁles in individual cross-sections stayed just below the signiﬁcance
level. Again, this result proves that measuring and modelling are possible using 2D methods; nevertheless, the application of a 3D measurement raster and 3D modelling also needs to be considered.
It should be noted here that the turbulence developing at a surface overﬂow of 13 m h1 requires
spatial analysis.
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Figure 11 | Results of ANOVA 2i/1 at 13 m h1.

Results of ANOVA at qA ¼ 9.5 and 13 m h1 are summarized in Table 5.
Table 5 | Summarized results of ANOVA at qA ¼ 9.5 and 13 m h1
Analysis
No.

Effect

9.5 m h1

13 m h1

2i/1

a
b

Rþ
No signiﬁcant difference between proﬁles
within individual cross-sections → 2D

Rþ
No signiﬁcant difference between proﬁles within individual
cross-sections → 2D possible, but 3D is recommended

CONCLUSIONS
Fine-scale ﬂow measurement data in a PST were investigated innovatively by ANOVA to provide a
decision support method for in situ measurement campaigns and further CFD modelling. (i) The
spatial arrangement of measuring points to establish ﬂow characteristics, (ii) measurement reproducibility and (iii) ﬂow characteristics are determined quantitatively, considering several aspects.
(i) Spatial arrangement of measuring points to establish ﬂow characteristics: the ANOVA analysis of
repeated measurements showed no signiﬁcant difference between proﬁles within individual crosssections. Accordingly, 2D ﬂow measuring and modelling methods are suitable for the analysis of
this PST at qA ¼ 5 m h1, even at high overﬂow rates (9.5 m h1; 13 m h1). Regarding practical
applications, the longitudinal sections considered for the measurement campaigns of this type
of PST should include one that comprises the hopper (and that single longitudinal section will
sufﬁce to provide the necessary data). Such a campaign allows for the collection of sufﬁcient information about the prevalent wastewater ﬂow features inside the tank.
(ii) Reproducibility of measurements: Measurements may be consistently reproduced under the same
initial and boundary conditions, because ﬂow characteristics inside the PST measured at different
days do not differ signiﬁcantly. Accordingly, the second practical consideration is that in rectangular PSTs, a single measurement campaign may sufﬁce to collect the necessary information about
ﬂow characteristics. Avoiding unnecessary repetitions saves time, effort and cost.
(iii) Flow characteristics: The vertical inhomogeneity of data within individual proﬁles was mostly
observed in the vicinity of the inlet structure of the PST. The vertical variation in velocity
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values implies a third practical consideration; that is, that the raster points selected for measuring
within a single proﬁle should not be spaced further than 0.5 m apart. Furthermore, near the
bottom, the distance between points should not exceed 0.3 m. It is strongly advised to measure
a higher number of cross-sections near the inlet of rectangular PSTs where the turbulence is
higher, to obtain sufﬁcient information about ﬂow conditions, so that a detailed picture may
be developed about the conditions at the inlet structures of PSTs.
Relying on the data thus collected, a simpliﬁed CFD model may be set for further measurement
campaigns in similar PSTs, thus reducing computing time and effort.
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