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Treatment Units and Instrumentation for CSO Treatment Solutions

Final Report on Model Tests with the Cross-Flow Lamella Settler Prototype

Deliverable D21.1 is defined as a prototype of ‘Treatment units and instrumentation for CSO treatment solutions’.
According to FP7 definitions, a prototype is ‘intended as a man-made object which shows the scientific and technical
feasibility of a concept’ (EC, 2014). As such, it can not be submitted or distributed, but this report describes and
documents the model setup and findings of thorough model tests on a prototype of a cross-flow lamella settlers. This
type of plate settler is claimed to show less sediment re-mixing compared to the more common upflow or counter-
current settlers. The objective of the model tests using spherical plastics beads as model sediment was to investigate
basically the behaviour of sediments and to establish efficiency curves for a given flow and sediment characteristics.
The experiments were conducted using tap water as well as salt water of different density in order to vary the settling
velocity as the most essential parameter. Steady-flow efficiency curves were gained which showed that the efficiency
decreases with increasing surface load as well as with decreasing settling velocity. The evaluation was made in
dimensionless form to allow scaling and possibly transfer to prototype size.

Comparison with similar curves from upflow lamella model experiments was possible under some assumptions, but
only slightly better efficiency could be obtained. One essential fact is the coaction of the settler modules and the
vessel in which they are placed. Moreover, the results indicated that there is still re-mixing of already settled
sediments into the flow. Generally, it was found that the overall sediment removal efficiency of a lamella settler is not
governed by the sedimentation process only, but also to a large part by secondary effects such as by the flow-induced
sediment transport on the settler surfaces and, particularly for real sewage sediments, by sticking to lamella surfaces
and by formation of sediment flakes affecting sliding-down. This makes it difficult to predict the performance of real
lamella settlers from model test data reliably. However, some findings indicate that the prototype efficiency will be
considerably better than derived from model data.
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The present report describes the model tests on a prototype for cross-flow lamella settlers within
the project DESSIN. After some theoretical background on the lamella settler, the model setup and
evaluation method are described and documented. The model tests were conducted in a reduced-
scale model, but using prototype settler plate spacing. Spherical plastics beads were used as model
sediment. The removal efficiency could be obtained easily by sieving-out of the material and de-
termining the volume in Imhoff cones. Several different plate configurations were tested. In order
to vary the settling velocity, salt was added to the water in a couple of test runs.

Cross-flow lamella settlers are claimed to show less sediment re-mixing compared to the more
common upflow or counter-current settlers. The objective of the model tests was to investigate
basically the behaviour of sediments and to establish efficiency curves for a given flow and sedi-
ment characteristics.

As primary result, steady-flow efficiency curves were gained which showed that the efficiency de-
creases with increasing surface load as well as with decreasing settling velocity. The evaluation was
made in dimensionless form to allow a possible transfer to prototype size.

Comparison with similar curves from counter-current model experiments, however, proved to be
difficult. Only slightly better efficiency could be obtained. One essential fact is the coaction of the
settler modules and the vessel in which they are placed. In the model tests, it is not possible to
separate the influence of both. Moreover, the results indicated that there is still re-mixing of al-
ready settled sediments into the flow at the tail edges of the plates (this effect was dominating at
upflow settlers because there any sediment sliding down is re-mixed into the inflow).

Different from reported in most literature on lamella settlers, it was found that the sediment re-
moval efficiency is not governed by the sedimentation process only, but also by secondary effects
which are crucial, if not dominating. These comprise e.g. the flow-induced sediment transport on
the settler surfaces. Furthermore, and particularly when comparing model and real sewage sedi-
ments, sediment properties other than the settling velocity play an essential role. This is e.g. stick-
ing of the sediment to the lamella surfaces and also spontaneous formation of sediment flakes
which affect the sliding-down behaviour. These effects make it difficult, if not impossible, to predict
the performance of real lamella settlers from model test data.

Results from a former research project on upflow settlers indicate that the prototype efficiency
might be considerably better than derived from model data. It is thus essential that this is proved
by careful and thorough evaluation of the settling efficiency results which we expect in the DESSIN
prototype lamella settler container tests at Emscher and Hoffselva.

Cross-flow lamella settlers: Model Tests, Final Report [1]



Within the states of the European Community, most municipalities are today connected to biologi-
cal wastewater treatment plants (WWTP) with good (and continuously improved) cleaning efficien-
cy. Thus, the remaining pollution emissions from stormwater outlets and particularly also from non-
treated combined sewage overflows (CSOs) form an increasing percentage of the total emissions.
Within the European research project DESSIN, ecosystem services (ESS) are the focus of interest,
including investigations of several innovations how to improve the ecosystem. The implementation
of the EC Water Framework Directive (WFD 2000) also encourages innovative methods to minimize
emissions and thus enhance also the ecosystem services. Within DESSIN, a specific ESS approach
shall be applied to evaluate the effect of these innovations.

In the DESSIN Work Packages WP 21, WP 31 and WP 32, the application of innovative cross-flow
lamella settlers for enhancement of treatment of combined sewer overflows is the focus of inter-
est. Work Package WP 21 first comprises model tests on cross-flow lamella settlers in order to gain
insight in the settling process in such devices. The model tests should reveal data on the settling
behaviour of idealized model sediment and allow a comparison to results from a recently complet-
ed research project on upflow lamella separators. Anyhow, model investigations may reveal basic
insights, but cannot account for the behaviour of real sewage-borne sediments, so full-scale inves-
tigations are essential, too. Within the work packages WP 31 and WP 32, a mobile full-scale lamella
settler treatment unit is constructed which allows prototype investigations at real combined sewer
overflow structures, in the German Emscher region (WP 31) as well as in Norway at Hoffselva (WP
32). This mobile unit will also allow an evaluation by use of the ESS approach.

This final report of Work Package WP 21 describes the model tests conducted by the DESSIN project
partner UFT. After some basics on lamella settlers and also a short theoretical approach on settling
in a lamella unit, the experimental setup is described and the results are documented and dis-
cussed. A further chapter compares the model test results of the cross-flow lamella settler to up-
flow units which were investigated in a recently completed research project.

Lamella settlers are tried-and-tested sedimentation devices in process technology (e.g. mining,
quarries, etc.). The principle is used in many commercial devices. The basic idea is to feed the sedi-
ment-laden flow through narrow gaps between plates in order to provide a merely small settling
distance of some cm, rather than of the whole depth of a settling tank. Lamellas also increase the
effective area of the settler and thereby reduce the surface load. This will increase the settling effi-
ciency considerably. Plate or honeycomb arrays made from plastics or other materials come in a
variety of dimensions and shapes from different manufacturers.

Cross-flow lamella settlers: Model Tests, Final Report [2]



Figure 1: Upflow, downflow, cross-flow and horizontal plate settlers (from left to right)

Figure 1 shows basic arrangements for lamella settlers made from plate arrays. Except the horizon-
tal plate settler, the plates are inclined to allow the settled sludge to slide finally down into a sludge
sump from where it can be removed. Of course, there are numerous ideas and patents for cleaning
the whole assembly. Most popular are upflow settlers. In this case, also honeycomb profiles or tube
arrays are used. Cross-flow settlers are used less frequently. They are made from plates, either flat
or corrugated. Their advantage is that sediments which are sliding down laterally do not mix with
the inflow, an effect which occurs rather pronouncedly in model tests with upflow settlers. In the
present project DESSIN, cross-flow plate settlers are investigated.

The lamella settler technique (of any type from Figure 1) has been applied in the past years in sev-
eral research or demonstration projects for cleaning of storm runoff from separate drainage sys-
tems and also for treatment of combined sewage, e.g. overflow from CSO tanks. The latter field of
application is the focus of the present research project DESSIN.

Lamella settlers have been used frequently on treatment plants, e.g. in aeration tanks (Schénberger
et al. 2001) or in order to improve the sludge separation in secondary settling tanks (Dorgeloh et al.
1996, Buer und Dorgeloh 2001, Fujisaki 2010). There had been also a workgroup of the German
Association for Water, Wastewater and Waste (DWA, formerly ATV), which issued a report already
35 years ago in 1980 (ATV 1980).

Fewer projects used lamella settlers for stormwater and CSO treatment. Krauth and Bondareva
(1999) investigated the use of flocculants also for stormwater treatment and proposed lamella sed-
imentation for flake removal. In the German federal land of Baden-Wirttemberg, three pilot pro-
jects were conducted (Briihl and Gobrichen in combined systems, Pforzheim Klingklamm in a sepa-
rate system); cf. Fuchs und Mayer (2010), Fuchs et al. (2010), Fuchs et al. (2014). Other projects, in
the federal land of North Rhine-Westphalia, are documented by Dohmann und Hérdemann (2003)
and Buer und Stepkes (2004). In these projects, CSO tanks were equipped with lamella separators
of various sizes which were passed by the overflowing combined sewage. In most structures, inte-
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gral (non-movable) upflow settlers were used. According to a number of the authors mentioned,
lamella clarifier modules showed considerable accumulation of sludge and gross solids in combined
sewage applications. This is a decisive operational disadvantage. Hand cleaning, e.g. by a firehose,
is time-consuming or even dangerous. Some cleaning method or mechanism is thus desirable;
moreover, the lamella or honeycomb spacing must not be too close, e.g. > 80 mm as recommended
by the German guideline DWA-A 166 (2013) on CSO structures.

For cleaning of storm runoff in separate systems which may also be considerably polluted, lamella
separation is used, too. Some suppliers offer ready-made concrete tanks with integral lamella sepa-
rators which are operated as sedimentation tanks with a permanent water level. Moreover, there
are some larger pilot projects, see Glas und Storr (2007) or Andritschke (2010). Numerical simula-
tions on the flow distribution on upflow and cross-flow types were made e.g. by Schaffner, Morin
und Steinhardt (2010), Schaffner, Pfeffermann et al. (2010), Steinhardt and Schaffner (2007), or
Vasquez et al. (2010). In other countries, lamella separation is also used for different applications in
urban drainage; see e.g. Daligault et al. (1999), Boogaard et al. (2010) or Ngu et al. 2012.

The DESSIN project partner UFT has gained own experience by testing a prototype in 2010 (non-
published) and by some commercial units. The basic idea for separate systems is to have storage in
the volume of the existing stormwater sewer, while treatment is done in a small but heavily
charged lamella separator featuring a cleaning mechanism, see Weiss (2014).

In 2014, a research project was completed which was granted by the German federal land of North
Rhine-Westphalia and where UFT took part (KIT 2015 a, KIT 2015 b). In this project, the use of up-
flow settlers was investigated first by model tests and later also in a testing container with real
wastewater, a line of action which will be followed also in the present project DESSIN. Thus, the
recent project is described a bit more in detail.
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The experimental rig featured closed-loop water circulation which allowed also the addition of salt
to the water in order to reduce the settling velocity of the model sediment (small polystyrene
beads). Sediment is collected from the overflow and also after emptying of the tub by a fine-
meshed fabric sieve. Efficiencies were computed by the sediment volume in Imhoff cones.

As a second project phase, prototype investigations were conducted. A mobile container was
equipped with upflow lamella modules (KIT 2015b). It was operated by a feeding pump with com-
bined sewage or even dry-weather sewage from the inflow of a treatment plant. Volume-
proportional 1000 L samples were taken by peristaltic pumps at the inflow and at the overflow of
the container. The collected settleable solids were separated in fine and coarse fractions. Final
evaluation yielded event-mean efficiencies under steady-flow operation of the container.

An important issue was also the question of uniform flow distribution over the lamella modules,
which was investigated both by numerical flow simulation and also by thorough velocity measure-
ments in clear water.

Figure 3: Section drawing of the upflow lamella container (KIT 2015 b)

The results revealed some essential insights:

e The model tests showed surprisingly low overall settling efficiencies for the well-rolling model
sediment. It was found that this was caused by sliding down of particles which had already set-
tled on the plates. They were re-mixed into the flow beneath the modules. Another effect was
re-entrainment of settled grains by the flow without sliding down. Moreover, it was found that a
considerable part of the efficiency was also caused by the tub in which the lamella modules
were located, which is acting as a settling basin, too. It was not possible to separate sedimenta-
tion on the lamellae and in the tub. It was concluded that any theoretical, numerical or experi-
mental approaches which only focused on the settling process on the lamellae are insufficient to
describe the process. Such approaches suppose that a sediment grain is “settled” (and removed
from the process) as soon as it has reached the lamella surface.

Cross-flow lamella settlers: Model Tests, Final Report [5]



Figure 4: Upflow lamella container. Left: Top view with lamella modules and overflow system. Right: Con-
tainer in place. In the foreground the feeding pump in the inlet flume of a treatment plant and
one of the 1000 L samplers

e Another unexpected result was that the prototype tests with the container revealed removal
efficiencies for fine settleable solids which were reasonably good and much higher than a pre-
diction using the model efficiencies had yielded. This is due to the different behaviour of well-
rolling model sediment and real settleable solids from sewage which e.g. may be “sticky” so that
sliding down and remobilisation processes are different. Possibly spontaneous flocculation plays
an additional role. More thorough investigations of detailed sediment properties could not be
performed in the course of the project. It could be concluded that model tests may serve for
general insights in some processes, but the idealized settling curves are not suitable for any pre-
diction of prototype performance.

Both should be accounted for in the present project.
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There is a lot of theoretical work on lamella separators, such as e.g. Yao (1970) or Binder and
Wiesmann (1983). Most of these papers investigate the process of settling of idealized particles in
the flow field between the lamellae or honeycomb profiles by taking into account the profile geom-
etry and/or the flow more in detail. In the following, merely some basics shall be illustrated since
the evaluation methods of the model test results are based on these relations and parameters.

The best known and most simple steady-flow sedimentation theory is the one by Hazen of 1904 for
a rectangular sedimentation basin, cited e.g. in Camp (1953). The settling efficiency 1 of an ideal
sediment of given settling velocity v may be expressed by a concentration ratio

Cover

n=1--" (1)

where G, is the inflow concentration and C,,., the overflow concentration, assumed both as con-
stant. In this case, the efficiency may equally well be defined as a mass or a volume ratio of the
sediment, such as

n = VSed
VSed + Vover ( 2 )

where V. is the settled and V., the overflown volume of sediment particles. This definition is
used in the present model tests.

In the Hazen theory, the efficiency is defined by

n = min 1 Z_) (3)

where g, = Q/(B - L) is the surface loading of the sedimentation basin of length L and width B. The
sedimentation basin is assumed to be passed by a horizontal plug flow of uniform and constant
parallel flow velocity v=Q/ (B - H). All sediment particles having a settling velocity in exceedance of
the surface load g, (which has also the dimension of a velocity) will reach the basin floor and are
settled in the basin while sediments with v, < g, will settle only to a certain percentage. The
guotient v,/q, is also known as Hazen number. In a real sedimentation basin, however, this ideal
Hazen settling efficiency will never be reached because of turbulence, backflow zones and non-
ideal sediment properties.
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L b cos a

Figure 5: Definition sketch

It is possible to apply the Hazen theory also on a cross-flow lamella settler. We assume that the
settler consists of parallel thin plates in an arrangement as of Figure 1, 3" scheme. If we consider
the space between two plates, the maximum settling path s for a single particle equals the vertical
distance between the plates, which is given by s = h;/cos oo where h, denotes the plate spacing
perpendicular to the surfaces and a the angle of inclination, see Figure 5. The plate thickness is
neglected here. If the separator consists of n plates inclined by o and having a length L and a width
b perpendicular to the flow direction and if we assume that the sediment moves on a sedimenta-
tion trajectory in a vertical plane only, the passage through the lamella settler is equivalent as if the

flow would have to pass in parallel n rectangular ducts or basins where each has a length L, a width
Q

n-s-bcosa

of b - cos a and a depth of s. The flow velocity is v = . For any of these n hypothetical ba-

sins, the Hazen theory holds where g4 = % ‘T beosa

. We get then the expression
vS

Q. 1 (4)
n L - bcosa

n=min| 1;

The total projected area Aot Of the n lamella settler plates is given by

Aprojtot =M "L - bcosa

(5)
which yields again the standard Hazen formula Eq. ( 3 ) if only the surface loading is calculated using
the total projected area, as ga = Q/Aprotot-
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Enhancements of this theory may account for the fact that there are triangular spaces at the upper
and lower ends of the lamellae where the maximum settling path is less than s = h;/cos a, as well as
for other effects like the plate thickness. It is not necessary that these are elaborated further here.

Basically, the settling efficiency n is dependent on the dimensionless relation ga/vs, asitisin a
standard sedimentation basin. For a given flow Q and settling velocity v, a small ga/vs requires a
large total projected area of the lamella modules. This needs either a large volume of the lamella
modules, or, a small lamella spacing h,. Suppliers of lamella modules state a specific projected area
in m2/m?3 of module volume. For practical application in storm runoff or combined sewage, howev-
er, some minimum spacing is desirable because of the danger of clogging by accumulated sludge or
by gross solids.

One standard tool in hydraulic model tests is to use dimensionless quantities as ratios of physical
properties, in order to get less parameters and, moreover, to allow easy comparison between dif-
ferent model sizes and between model and prototype. There is a formal mathematical procedure to
gain a set of dimensionless parameters from dimensional properties which can be found in any
textbook on hydraulics, so it is not necessary to deduce it in detail. Anyhow, the results are as fol-
lows:

For a given geometry of the lamella settler, we consider the following set of dimensional properties
which are independent:

Vover = f(Vsed' Q, Aproj,tot' hy,vs,L,B,H, g, V) (6)

where h, ist the lamella spacing and L, H and B the dimensions of the flume. The gravitational ac-
celeration g and the kinematic viscosity v are added for physical completeness only (of course no
one will probably conduct lamella settler tests on the moon in near future). It is possible to replace
this relationship of 11 kinematic parameters (whose dimensions contain only two basic units, i.e.
length (m) and time (s)) by regarding an equivalent set of 11 — 2 = 9 dimensionless quantities. The
set of parameters may be modified by replacing some parameters by more advantageous combina-
tions of them, but the number must not be reduced. One resulting set of variables could be as fol-
lows:

VSed _ f < Q Q £ E Aproj,tot ﬂ i . E)
VSed+V2)ver_ Aproj,tot'vs’BH gH,H,H’ LB "H'BH v (7)
Next, it must be determined which of these parameters are essential to investigate. The terms pa-
rameterize independent effects, i.e. each of the terms on the right side is suspected to influence the
left-side term even if all others were kept constant. Dimensional analysis, however, does not reveal
whether the set of parameters is sufficient or whether there are redundancies or missing depend-

encies, nor does it show the kind of dependency, so this requires some argumentation:
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e The leftmost term is (of course deliberately) the definition of the sedimentation efficiency,
which is itself dimensionless. This is the target variable whose dependencies are to be investi-
gated.

e The parameter Q/(Aprojtot * Vs) = da/Vs is already known e.g. from the Hazen sedimentation theory
as dimensionless expression of flow, scaled with the settling surface. This is the main dependen-
Cy parameter.

o Q/(BH\/g_H) is formally the Froude number of the main flow in the flume; it is varied with Q
only since B and H are constant. It is not expected that this parameter gains separate influence
additionally to ga/v; since the Froude number is rather small. This parameter may be neglected.

e We use always the same flume where the water depth H is only feebly dependent on the flow,
so we can assume that L, B and H are constant, as well as the dimensionless ratios L/H and B/H.
For the evaluation of model tests, these parameters are neglected, too.

e The parameter A, 10t/(L-B) is dependent on the number and type of modules inserted. It re-
sembles the ratio of the total projected settler surface to the flume surface. We will see that this
is important later.

e h,/His a similar geometry parameter which can be used aIternativer1 to Aprojiot/(LB). This is a
redundancy.

e Finally, Q/(BH) - hy/v is a Reynolds number of the flow in the parallel gaps between the lamellae.
If h_is noted, it is accounted for automatically. This parameter is a measure of turbulence in the
lamella gaps. It would have some influence if e.g. model tests with very small lamella spacing
and prototype tests with a large spacing should be compared, particularly at large flows where
turbulence is decisive. The present model tests work with the same lamella spacing as the proto-
type, so it can be argued that this parameter may be removed from the list, too.

For the evaluation of the model tests, the following set of variables is used:

da Aproj,tot

n =f<v—s’ﬁ,680metry> (8)

Since in dimensional analysis, any parameter may formally be replaced by combinations of it with
other parameters® unless the number of parameters is reduced, this is equivalent to:

da Aproj,tot) Aproj,tot
=fll=" Geomet
1 f((vs L-B ) L-p 'reometry (9)

! |t can be shown that in a flume of given L, B, H where the either 1 or 2 lamellae modules have a length of

% L, the projected area A, 1ot is directly reciprocal to the lamella spacing, h;, and the number of modules.
Thus, both parameters are not independent and it is sufficient to regard one of them only.

%If the dependency of a property Y on two variables A and B is sought which both are suspected to have an
independent influence on Y, it is alternatively possible to investigate the dependency on (A-B) and still also on
B alone. The functional relation with (A-B) does not necessarily comprise both dependencies.
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where the first parameter may also be calculated as 24 Z2roitet — _ 24 o 456 3 94 yalye where
Vg LB L'Bvg vg

da is calculated using the floor area of the flume, L-B, rather than the total projected surface of the

lamella settlers, A 10r. We will use this set of parameters later.

“Geometry” allows to include also tests without lamellae or with “tail strips” or horizontal lamellae
not included in the above dimensional analysis.
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The concept of the new experimental rig for the DESSIN model tests was based on an idea of how
future structures for lamella-enhanced settling could look like. This means either that a CSO tank is
equipped or retrofitted with lamella modules, or, that small lamella settler units (e.g. in ready-
made concrete tanks) fed with pumps, such as proposed (for the separate system) by Weiss (2014),
are used but fitted with cross-flow lamella modules. Thus, the experimental rig was designed with
the following features:

e Small, easy-to-clean flume equipped with one or two removable cross-flow lamella mod-
ules. Tests are possible also without any modules for comparison. Simple design with longi-
tudinal throughflow, featuring the intake at one end while the overflow is a weir on the op-
posite end. This design is much simpler than it would be for an upflow settler where a
flume system above the modules is required (cf. again Weiss 2014).

o The flume resembles a small lamella treatment unit as a possible future prototype realiza-
tion, e.g. a precast concrete tank of, say, 2 m internal width for easy road transport. The
flow pattern in the model then is similar to the pattern in such a prototype. The experi-
mental container which shall be used in further steps of the DESSIN project should also be
designed keeping approximately to the model proportions.

e The proportions of the flume are similar to those of rectangular concrete detention basins;
however we did not keep to the proportions width:depth = 2..4 required by the German
technical rule DWA-A 166 (2013), with respect to the possible future prototype realisation
as a compact precast concrete structure and also to the experimental container for later
DESSIN project phases.

e Appurtenances for homogenous distribution of throughflow (e.g. a flow dispersion plate or
a distribution manifold pipe)

e Tests with different lamella spacing and shapes are possible using exchangeable modules

e The general data of the lamella settlers, particularly spacing, total projected area and incli-
nation angle, are kept close to the data of the past project (KIT 2015b) for the sake of com-
parison

e Similar setup as in the past project (use of existing pumps, MID flowmeter, and other devic-
es)
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Figure 6: Final design of the experimental flume with two cross-flow lamella modules

The experimental flume is shown in Figure 6. It was constructed from waterproof-coated plywood
sheets. Due to the limited budget, no glass walls were used. The flow phenomena were well ob-
servable from above since the lamella modules were made from clear methacrylate (Perspex) and
could be made visible using dye.

The two removable cube-shaped lamella packages or modules had a length of 600 mm each. The
first tests were made using 60° inclination angle and 80 mm spacing, later, additional plates were
inserted to get a spacing of approximately 40 mm. One lamella module has a projected settling area
of 2.22 m? at 40 mm lamella spacing. Using both modules, the total projected settling area is then
4.44 m?, equal to the past experiments. With 80 mm lamella spacing, the values are halved.

Additional tests were also made using horizontal plate settlers in order to investigate the effect of
sliding down of the particles. Due to geometry, horizontal settler modules of the same spacing and
the same overall volume have the double projected settling area than 60° cross-flow settlers.

Some “zero tests” use the flume only, with both lamella modules removed. These tests can be
compared with results from literature for settling basins.

The flume has a width of approximately 75 cm and the same depth, allowing easy access and hand-
ling. The flume length is 2400 mm = four times the lamella module length, because the experi-
mental rig should not get too large. In prototype size, it is desired to use a compact structure with
minimum necessary space between the front and rear wall and the lamella packets. This is of
course some contradiction to the desired homogenous flow distribution which would call for a long
structure.

Cross-flow lamella settlers: Model Tests, Final Report [13]



The design of the model could additionally be simulated numerically by other DESSIN partners to
get an idea of the flow pattern inside and on the degree of inhomogeneity. Calibration of the simu-
lation model by velocity measurements would be straightforward, but velocity measurements
would require a very small sensor such as thermo-film or laser-Doppler anemometers in order not
to disturb the flow, so due to our limited budget, no flow velocity measurements were made.
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Figure 7: Schematic setup of the experiments

3.2.1 Qualitative tests of flow pattern

Before starting quantitative tests where settling efficiencies should be measured, the flow pattern
through the test flume was observed by dye tests. Essential for the flow distribution is the inflow to
the flume where the DN 75 inflow pipe ends bluntly in the wall. Without any further flow-dividing
appurtenances, there is a strong free jet blowing straight through the tank. The momentum of this
jet would cause a high-velocity longitudinal flow through the central part of the lamella modules,
but low flow velocity or even backflow close to the flume bottom and walls. In order to avoid this
undesired flow pattern, we used generally a T-shaped pipe manifold with four outflow orifices
“blowing” backwards against the wall. A simple dispersion plate was found to be not sufficiently
effective. Visually, the flow distribution was rather homogenous; we did not notice large backflow
zones. Moreover, the lamella units acted as flow rectifiers. As mentioned, a record of the two-
dimensional longitudinal flow profile was not possible due to the lack of a suitable local velocity
measurement device.
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The flume design should be simulated numerically (by the University of Essen as DESSIN partner) in
order to verify the observed flow patterns in the model.

3.2.2 Model sediment

For the sake of comparison, the same model sediment was used as in the past project. It is “non-
popped” BASF Styropor P 423 which consists of polystyrene particles, including some tiny bubbles
of a solvent. This material is usually used in packing industry to make Styrofoam blocks or packages
by heating and “popping-up” in moulds. The non-heated material are nearly perfect spheres with a
very uniform grain diameter of approximately 0.5 mm. It does not stick and is easily to recover from
the flow by simple sieving with fine fabric. The settling velocity of the particles is approximately 0.4
mm and very steeply graded. All in all, the material is nearly ideal model sediment.

In the course of the mentioned past project, there had been thorough investigations of the distribu-
tion of settling velocity of this material in tap water (without addition of salt) as well as with differ-
ent salt concentrations. In all tests, the water temperature and also the fluid density of (salt) water
(the latter measured directly using a hydrometer) were noted down so that the settling velocity
could be determined from the data of the past project.

The handling of the model sediment in the tests required some practice. Before adding it to the
inflow, the sediment must be wetted and treated with some detergent to reduce surface tension
and to improve the wettability. Used material could be re-used without drying. Tests revealed that
there was no measurable influence on the settling velocity even if the material had been wet for
several weeks, including with salt water.

3.2.3 Determination of steady-flow settling efficiency

The schematic setup of the experiments can be seen from Figure 7. The tests were conducted as
follows: After placing the lamella modules in the flume, it was filled up and the desired constant
inflow was adjusted. The flow was controlled manually by the reading at the MID flowmeter; it kept
reasonably constant (steady state). The sediment recovering sieve was placed under the overflow
pipe in order to trap any escaped particles. Now, a portion of sediment (approximately 500 g of dry
weight) was prepared by wetting and stirring, adding some drops of detergent. It was added at one
instant into the inflow by the riser pipe and flushed by some litres of water taken from the flume.
Then, the test was run generally during one hour® which proved as sufficient to allow all sediment
to pass, i.e. either to settle down in the flume or to be entrained into the overflow.

It was necessary to take some time during the tests for simple observation of the flow and the set-
tling process. The particles showed themselves as rather well visible flow tracers. Some observa-
tions were also recorded by a movie camera.

*In the former project, we had experienced also some re-entrainment of already settled particles by the flow,
which made the measured settling efficiency dependent on the test duration. It is very difficult to avoid this
effect, thus all tests were made with 1 h of standard time in order to yield comparable results.
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The trapping sieve was a waterproof PVC frame lined with a fine fabric of mesh width of around
0.2 mm. In the centre, the frame featured a sinkhole which was closed with a rubber plug. In order
to get the sediment out, the plug was removed and the sediment could be transferred into an Im-
hoff cone posed underneath. The sieve was rinsed with small amounts of water.

After one hour, the inflow was stopped. The trapped sediment in the overflow sieve was trans-
ferred carefully into one or two Imhoff cones, as described. Then, the empty and clean sieve was
put under the drain pipe of the experimental flume. The flume was emptied including the sedi-
ments settled on the lamellae as well as in the structure. All surfaces were cleaned by careful flush-
ing with a spray hose. Again, all sediments trapped in the sieve after this procedure were trans-

ferred to further 1-2 Imhoff cones.

Figure 8: Left: Overflow fabric sieve for recovery of model sediment (the round coarser sieves above acted
as antisplash protection only). Right: Imhoff cones for determination of sediment volume
after 24 h of settling

After one day of settling, the “settled” and “overflown” sediment volume in the Imhoff cones was
determined and noted down as V..q and V.., respectively. The steady-flow settling efficiency could
then simply be determined as

n = VSed
VSed + Vover ( 10 )

We did not determine the total volume V.., of the added sediment before flushing it into the exper-
imental rig. Since all sediment could be recovered fairly well, it can be assumed safely that
Viot = Vsea + Voper, i-€. no sediment losses occurred.
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3.2.4 Testruns
The test runs were distinguished by different settings:

« Geometry of lamellae:

a) 60° smooth plates: 40 mm or 80 mm lamella spacing, 1 or 2 modules

b) 60° smooth plates with a “tail strip” (which should prevent sediment from being en-
trained into the flow). Only tests with 2 modules and 40 mm lamella spacing.

c) Horizontal plates, 80 mm lamella spacing, without “tail strip”

« Discharge Q: varied in at least 6-7 steps, e.g. 2,3,4,5,6,7,8 L/s. In most cases, we started with a
large flow which then was subsequently reduced. Any subsequent test then showed an im-
proved settling efficiency. When e.g. 95 % - 98 % efficiency was reached, it was not necessary
to continue with even smaller flows.

« We used always the same model sediment. To vary the settling velocity, a different fluid density
was obtained by adding more or less salt. The maximum salt concentration® in the past tests
was around 4 %, slightly more than sea water. To achieve this, around 100 kg of table salt are
necessary for 2.5 m3 of water volume in the experimental rig. Salt was added just like sediment
and the process of dissolving was observed. Instead of measuring the salt concentration, the
density of the salt solution was measured during any test using a hydrometer. The concentra-
tion changed gradually, by water losses and also by the flushing of sediment using sweet water.

All 157 test runs are compiled in Table 1.

* In the mentioned recent project, tests with large salt content caused particularly large data scatter. One
reason might be that a higher fluid density will make the settling velocity distribution of the sediment less
steep, i.e. broader-graded, which makes it more sensitive to tiny air bubbles attaching to the sediment
particles due to possibly insufficient treatment with detergent. However, there may be also some other
reasons not yet understood completely. Thus, in the present project we refrained from using fluid densities
larger than 1.03 kg/m?3.
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Table 1: Compilation of test runs

Settled Overflown Settled Overflown
sediment sediment Settling sediment sediment Settling
Tempera- Densityin ~ Volumein  Volumein efficiencyin Tempera- Density in Volumein  Volumein efficiency in

Run No. Flow QinL/s turein°C  kg/L mL mL % Run No. Flow QinL/s turein°C  kg/L mL mL %
Without lamella modules Lamella spacing 40 mm, 2 modules
K130823_3 1,0 20,0 1,000 965 11 98,87 K130916_4 3,0 19,0 1,000 940 26 97,31
K130823_2 3,0 20,0 1,000 940 71 92,98 K130916_3 5,0 18,5 1,000 1010 33 96,84
K130917_4 3,0 19,5 1,000 805 64 92,64 K130916_5 7,0 19,0 1,000 775 285 73,11
K130822_3 50 21,5 1,000 640 200 76,19 1140314_1 3,0 16,8 1,000 1000 9 99,11
K130917_5 50 20,0 1,000 900 252 78,13 1140311 1 50 12,3 1,000 660 90 88,00
K130823_1 7,0 20,0 1,000 685 485 58,55 L140311_2 50 14,0 1,000 700 80 89,74
1140324_1 50 19,0 1,007 620 300 67,39 1140311_3 5,0 15,5 1,000 1020 62 94,27
1140324_2 7,0 16,0 1,007 415 550 43,01 L140314_2 7,0 17,2 1,000 650 340 65,66
11403243 8,5 16,5 1,007 210 705 22,95|  |L140312_2 75 155 1,000 690 375 64,79]
L140327_1 3,0 15,0 1,016 800 230 77,67 L140314_3 85 18,0 1,000 480 475 50,26
L140325_3 50 14,5 1,016 480 540 47,06 R140715_1 83 18,0 1,000 490 290 62,82
L140325_2 7,0 13,5 1,016 150 750 16,67 R140716_1 6,9 20,0 1,000 500 265 65,36
1140325_1 8,5 13,0 1,016 74 850 801| |R140716_2 50 20,0 1,000 724 43 94,39
K130912_3 1,0 20,5 1,034 680 200 77,27] L140319_1 3,0 17,4 1,007 1150 32 97,29
K130913_1 30 20,0 1,034 330 925 26,29 L140319_2 30 17,9 1,007 1245 16 98,73
K130912_2 5,0 20,2 1,034 22 980 2,20 L140320_1 5,0 173 1,007 850 190 81,73
K130910_4 1,0 220 1,048 16 610 2,56 1140320_2 7,0 17,8 1,007 600 400 60,00
K130910_3 3,0 215 1,048 5 1100 0,45| |L140320_3 85 18,4 1,007 500 500 50,00]
K130911_1 3,0 20,0 1,048 330 1100 23,08 K130918_6 3,0 19,5 1,014 780 56 93,30
K130909_6 5,0 225 1,048 15 1600 0,93 K130918_4 5,0 19,5 1,014 710 260 73,20
K130910_2 50 21,5 1,048 32 900 3,43 K130918_5 7,0 19,5 1,014 450 495 47,62
K130912_1 50 20,0 1,048 7 1200 0,58| |L140328 3 50 17,7 1,016 770 220 77,78]
Lamella spacing 80 mm, 1 module 1140328_2 7,0 17,2 1,016 340 530 39,08
K130823_4 1,0 20,0 1,000 1075 4 99,63 L140328_1 85 16,8 1,016 340 750 31,19
K130823_5 3,0 20,0 1,000 915 27 97,13 K130919_3 3,0 19,5 1,026 805 265 75,23
K130826_4 4,0 21,5 1,000 1005 48 95,44/ K130919_1 5,0 19,0 1,026 420 655 39,07|
K130826_1 50 19,5 1,000 840 130 86,60 |K130919_2 7,0 19,0 1,026 300 805 27,15
K130826_3 6,0 20,5 1,000 850 255 76,92 K130916_1 3,0 18,0 1,028 705 130 84,43
K130826_2 7,0 20,0 1,000 680 372 64,64/ K130913_5 5,0 20,5 1,028 375 605 38,27
K130911_4 1,0 21,0 1,048 550 405 57,59 K130916_2 7,0 19,0 1,028 340 795 29,96
K130911_2 2,0 20,5 1,048 460 390 54,12 With "tail strip", Lamella spacing 40 mm, 2 modules
K130911_3 30 20,5 1,048 710 650 52,21 R140722_1 83 18,5 1,000 465 310 60,00
K130910_5 50 22,5 1,048 800 625 56,14 R140722_2 7,0 19,6 1,000 553 235 70,18
Lamella spacing 80 mm, 2 modules R140723_1 6,0 20,8 1,000 704 80 89,80
K130821_4 1,0 220 1,000 800 5 99,38 R140723_2 49 21,4 1,000 725 50 93,55
K130821_3 2,0 21,0 1,000 825 75 99,10 |R140723_3 40 22,2 1,000 760 23 97,06]
K130821_2 3,0 21,0 1,000 815 13 98,43 R140723_4 3,0 22,8 1,000 810 4 99,51
K130821_1 4,0 21,0 1,000 850 34 96,15| R140724_1 5,0 21,8 1,003 755 34 95,69
K130822_2 50 21,0 1,000 670 71 90,42 R140724_2 4,0 22,4 1,003 770 37 95,42
K130821_5 6,0 22,5 1,000 800 153 83,95 |R140724_3 7,0 226 1,003 570 215 72,61
K130822_6 7,0 23,0 1,000 775 230 77,11 R140725_1 3,0 22,1 1,003 761 18 97,69
K130822_1 8,0 21,0 1,000 540 400 57,45 R140725_2 6,0 22,4 1,003 672 139 82,86
K130828_3 1,0 19,5 1,014 905 10 98,91 R140725_3 83 23,0 1,003 400 371 51,88
K130828_2 3,0 18,5 1,014 940 98 90,56 R140728_1 5,0 22,5 1,008 700 71 90,79
K130828_4 50 20,0 1,014 680 265 71,96| |R140728_2 50 225 1,008 1135 74 93,88]
K130827_1 6,0 20,0 1,014 850 170 83,33 R140729_1 7,0 231 1,007 700 220 76,09
K130827_2 6,0 20,5 1,014 930 190 83,04 R140729_3 3,0 23,8 1,007 825 8 99,04
K130828_1 6,0 20,0 1,014 840 185 81,95 R140730_1 8,0 23,4 1,007 434 570 43,23
K130903_2 6,0 21,5 1,014 490 730 40,16 R140730_2 6,0 23,7 1,007 930 136 87,24
K130828_5 8,0 21,0 1,014 695 650 51,67 R140730_3 4,0 24,2 1,007 1210 17 98,61
K130903_1 8,0 21,0 1,014 290 1000 22,48 R140731_1 7,0 231 1,011 636 365 63,54
K130904_4 1,0 21,0 1,026 1040 20,5 98,07| R140731_2 5,0 23,2 1,011 908 92 90,80
K130904_2 3,0 21,0 1,026 860 330 72,27 R140731_3 3,0 23,4 1,011 1058 8 99,25
K130905_1 40 215 1,026 580 515 52,97 |R140801_1 83 225 1,010 300 738 28,90]
K130904_1 50 21,0 1,026 670 1020 39,64 R140801_2 6,0 23,0 1,010 760 205 78,76
K130904_5 6,0 21,0 1,026 225 495 31,25 R140801_3 4,0 231 1,010 920 30 96,84
K130904_3 8,0 21,0 1,026 103 910 10,17 R140804_1 7,0 22,2 1,014 512 403 55,96
K130905_2 1,0 215 1,038 890 545 62,02 |R140804 2 50 225 1,014 803 165 82,95
K130905_4 20 23,0 1,038 640 1200 34,78 R140804_3 3,0 229 1,013 987 43 95,83
K130906_1 30 22,0 1,038 415 240 63,36 R140804_4 4,0 233 1,013 905 14 98,48
K130905_6 4,0 245 1,038 320 575 35,75 R140805_1 82 22,5 1,013 293 751 28,07|
K130905_5 6,0 240 1,038 260 820 24,07| R140805_2 6,0 22,6 1,013 724 286 71,68
K130905_3 7,0 22,0 1,038 61 225 21,33
K130909_1 1,0 22,0 1,048 1950 300 86,67
K130909_2 3,0 225 1,048 1100 600 64,711
K130909_4 4,0 22,5 1,048 450 590 43,27|
K130906_2 50 22,0 1,048 600 220 73,17]
K130909_5 50 22,5 1,048 280 270 50,91
K130910_1 50 21,5 1,048 650 450 59,09
K130909_3 7,0 23,0 1,048 6 160 3,61
Lamella spacing 40 mm, 1 module
K130917_1 3,0 185 1,000 840 13 98,48
K130917_2 50 19,0 1,000 750 110 87,21
L140312_3 30 16,4 1,000 1075 16 98,53
L140312_4 50 17,1 1,000 1000 110 90,09
1140312_1 7,0 15,7 1,000 900 180 83,33
L140313_1 7,0 17,7 1,000 930 185 83,41
L140313_2 85 17,2 1,000 600 450 57,14
1140313_3 8,5 17,8 1,000 575 420 57,79
1140318_1 50 16,0 1,000 1025 150 87,23
1140318_2 6,0 16,5 1,000 750 175 81,08
L140318_3 7,0 17,0 1,000 640 410 60,95
L140318_4 8,5 17,5 1,000 690 590 53,91
1140321_1 50 17,7 1,007 800 150 84,21
1140321_3 8,5 18,5 1,007 350 560 38,46]
L140327_5 3,0 17,2 1,016 1000 64 93,98
L140327_4 50 16,6 1,016 700 290 70,71
1140327_3 7,0 16,0 1,016 320 705 31,22
1140327_2 8,5 15,5 1,016 200 700 22,22
K130919_6 3,0 20,0 1,026 520 310 62,65
K130919_4 50 19,5 1,026 305 260 53,98
K130919_5 7,0 19,5 1,026 250 650 27,78
K130913_3 3,0 20,0 1,028 575 295 66,09
K130913_2 50 19,5 1,028 320 520 38,10)
K130913_4 7,0 20,5 1,028 420 545 43,52
K130918_3 30 19,0 1,014 745 102 87,96
K130918_1 50 185 1,014 600 400 60,00
K130918_2 7,0 18,5 1,014 360 750 32,43
K130911_5 5,0 215 1,048 605 510 54,26
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The result of any test is primarily the steady-flow separation efficiency 1 in %, corresponding to the
given flow Q in L/s and the specific test settings (particularly the number and spacing of modules
and the fluid density). Figure 9 shows these raw results for all tests with smooth 60° lamellae (tests
with “tail strip” as well as with horizontal plates or without lamellae are not included). We can see
at any series with the same shape and colour of dots that generally the efficiency decreases with
increasing flow, just as expected also from theory. Anyhow, a strong influence of the remaining
parameters is visible.

60° lamellae, 1 or 2 modules, 40 mm or 80 mm spacing

100 | 0 5 : 2 OhL =80 mm, 2 mod, L kgl
H OhL =80 mm, 2 mod, 1,0135 kg/l
90 e i OhL =80 mm, 2 mod, 1,0255 kg/l
© = B ohL =80 mm, 2 mod, 1,0375 kg/l
> 80 Py g ohL =80 mm, 2 mod, 1,048 kg/l
£ E ] [] ®hL =40 mm, 2 mod, 1 kg/l
c 70 mhL =40 mm, 2 mod, 1,0135 kg/l
> 5 $ 9=y mhL =40 mm, 2 mod, 1,028 kg/l
c 60 ® * 0 mhL =40 mm, 2 mod, 1,0255 kg/l
g ® Py il ’ & ¢hL =40 mm, 1 mod, 1 kg/l
= 50 = = @ hL =40 mm, 1 mod, 1,0135 kg/l
© ® & hL =40 mm, 1 mod, 1,0255 kg/l
c 40 i — ¢ hL =40 mm, 1 mod, 1,028 kg/I
g i o e hL =80 mm, 1 mod, 1 kg/l
© 30 i e hL =80 mm, 1 mod, 1,048 kg/l
g_ o h
o 20 =
0
10 &
0
0,0 2,0 4.0 6,0 8,0 10,0
Flow Qin L/s

Figure 9: Direct plot of steady-flow separation efficiency vs. flow

In order to investigate the influence of the test parameters individually, it is necessary to draw di-
mensionless plots. From dimensional analysis, see Chapter 2.2, it is already known that the dimen-
sionless parameter ga/v; is the most essential one. A constant value of this property means that e.g.
twice the flow at twice the settling area will probably yield the same efficiency and, moreover, that
a sediment with e.g. twice the settling velocity will perform equally if the double flow is assumed
over the same settling area, yielding double surface load. In the first instance, we assume that sed-
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imentation will take place on the lamellae surfaces exclusively, which means that we restrict on this
parameter. Later, we will see that this first-order assumption cannot be sustained.

Consequently, any deviations from an unique curve 1 = f(ga/vs) will be due to secondary effects
since the main effects of different settling surfaces and of settling velocities are already accounted
for. Formally, these secondary effects may be parameterized by the remaining dependencies from
the list of variables form Chapter 2.2.

60° lamellae, 1 or 2 modules, 40 mm or 80 mm spacing

100 *%4 OhL =80 mm, 2 mod, 1 kg/l
de OhL =80 mm, 2 mod, 1,0135 kg/l
90 853 P g OhL =80 mm, 2 mod, 1,0255 kg/l
© —®og OhL =80 mm, 2 mod, 1,0375 kg/l
s 80 5 ° OhL =80 mm, 2 mod, 1,048 kg/l
£ W 0 mhL =40 mm, 2 mod, 1 kg/l
= 70 mhL =40 mm, 2 mod, 1,0135 kg/l
b — mhL =40 mm, 2 mod, 1,028 kg/
s 60 5 ® mhL =40 mm, 2 mod, 1,0255 kg/l
'S O Q] ¢ hL =40 mm, 1 mod, 1 kg/I
= 50 % @ hL =40 mm, 1 mod, 1,0135 kg/l
] [ #hL =40 mm, 1 mod, 1,0255 kg/l
5 40 m St +hL =40 mm, 1 mod, 1,028 kg/l
= =N = ehL =80 mm, 1 mod, 1 kg/I
© 30 = 0 + ehL =80 mm, 1 mod, 1,048 kg/!
© ]
g 20 & o
0
10 =
0
0,0 1,0 2,0 3,0 4,0 5,0

Dimensionless surficial loading g/vs,
related to total projected area of lamella settlers

Figure 10: Dimensionless plot of settling efficiency

Figure 10 shows the same data as Figure 9 in dimensionless form. We see that there is by no way
any unique curve, as expected. In the following, we will try to separate the secondary effects.

First, tests belonging to the same number of modules and lamella spacing are compared. Figure 11
shows this for two modules at 80 mm spacing. It can be seen that the tests with particularly high
salt content (= density) show rather high efficiencies. It was found that this was due to floating of
many particles. In the following, these tests were excluded. If they are removed, the resulting clus-
ter of data points shows an approximately similar shape without “outliers”, anyhow with a large
scatter, particularly again at tests with high fluid density (green squares). For the tests with 40 mm
spacing, less scatter is observed and we can see a more or less unique curve. This shows that the
settling velocity is balanced by the surface loading, i.e. the dimensionless approach is basically cor-
rect — at least as long as only tests with the same settling surface are considered. Figure 13 shows
that this holds also for the comparison of tests with one 40 mm module and two 80 mm modaules,
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which have approximately the same total projected settling area (even if there is considerable scat-

ter).
60° lamellae, 2 modules, 80 mm spacing
100
@l ohL =80 mm, 2 mod, 1 kg/l
90 & ( o \ ohL =80 mm, 2 mod, 1,0135 kg/l
X 80 ? N ohL =80 mm, 2 mod, 1,0255 kgl
E 70 | @ Oyirets // o OhL =80 mm, 2 mod, 1,0375 kgl
LC>)‘ 60 |2 D = il N OhL =80 mm, 2 mod, 1,048 kg/!
o o \ \
[J] ] /
[zt Qutliers
§ 0T e 4
8 30 =
S .
& 20 ¢
Outfiers
10 =] /“
; D
0,0 5,0 10,0 15,0 20,0
Dimensionless surficial loading g/vs,
related to total projected area of lamella settlers
60° lamellae, 2 modules, 80 mm spacing
100 LUH O
| oOhL =80 mm, 2 mod, 1 kg/l
90 o
I g OhL =80 mm, 2 mod, 1,0135 kg/l
X 80 5
= oo OhL =80 mm, 2 mod, 1,0255 kg/l
= 70
> ] OhL =80 mm, 2 mod, 1,0375 kg/l
S 60 = -
Q 5
2 50 H
©
s % 1°TT ]
S 30 L
@
& 20 s ] 0
n
10
0
0,0 0,5 1,0 1,5 2,0 25 3,0

Dimensionless surficial loading qa/vs,
related to total projected area of lamella settlers

Figure 11: Results for 2 modules and 80 mm spacing. Top: The tests with particularly high density show
numerous “outliers” with overestimated efficiency. Below: Same diagram, but with outliers
removed and enlarged abscissa scale.
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Separation efficiency nin %

100
90
80
70
60
50
40
30
20
10

60° lamellae, 2 modules, 40 mm spacing

" H ®mhL =40 mm, 2 mod, 1 kg/I

‘ ®hL =40 mm, 2 mod, 1,007 kg/l

e mhL =40 mm, 2 mod, 1,0135 kgl
]
[ |} =

l—.. hL =40 mm, 2 mod, 1,016 kg/l

®hL =40 mm, 2 mod, 1,0255 kg/I
al g
- mhL =40 mm, 2 mod, 1,028 kg/l
5 —u
| ]
gy
- =
L
0,0 0,2 0,4 0,6 1,0

Dimensionless surficial loading g/vg,
related to total projected area of lamella settlers

Figure 12: Results for 2 modules and 40 mm lamella spacing. Here, a more or less unique curve can be seen.

Separation efficiency nin %

100
90
80
70
60
50
40
30
20
10

60° lamellae, 1 module @ 40 mm or 2 modules @ 80 mm spacing

mod, 1 kg/l

mod, 1,0135 kg/I
mod, 1,0255 kg/l
mod, 1,0375 kg/l
mod, 1 kg/l

mod, 1,0135 kg/I
mod, 1,028 kg/l

mod, 1,0255 kg/l

[=]m]
q§ = m] ohL =80 mm, 2
Py 5; OhL =80 mm, 2
O [=] OhL =80 mm, 2
o OhL =80 mm, 2
oo
ehL =40 mm, 1
o mm
O * . o @hL =40 mm, 1
[m]
O & 5 ¢hL =40 mm, 1
¢hL =40 mm, 1
*
= £ r
& |
hd 0
4
0
=
0,0 0,5 1,0 1,5 2,0

Dimensionless surficial loading g/vs,
related to total projected area of lamella settlers

Figure 13: Comparison of results for 1 module with 40 mm and 2 modules with 80 mm lamella spacing (ap-
proximately equal projected lamella surface). The cluster is scattered, but it shows also a ra-
ther unique relationship.
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Next, we have to investigate the relation of tests with different settling surfaces. Theoretically, the

data clusters 1 = f(qa/Vs) should coincide. However, as shown in Figure 14, this is obviously not the

case. Instead, two distinct clusters can be seen for the tests with 80 mm and 40 mm lamella spac-

ing.

60° lamellae, 2 modules, 80 mm and 40 mm spacing

100 7743 O ®hL =40 mm, 2 mod, 1 kg/l
90 ' imBm mhL =40 mm, 2 mod, 1,007 kg/l
= O ®hL =40 mm, 2 mod, 1,0135 kg/I
2 80 . 8
IS ] o ®hL =40 mm, 2 mod, 1,016 kg/l
£ 20 = oL mhL =40 mm, 2 mod, 1,0255 kg/l
g ‘ ®hL =40 mm, 2 mod, 1,028 kg/l
2 60 O = ohL =80 mm, 2 mod, 1 kg/l
2 = OhL =80 mm, 2 mod, 1,0135 kgl
2 5o
£ L) OhL =80 mm, 2 mod, 1,0255 kgl
= OhL =80 mm, 2 mod, 1,0375 kg/l
c 40 =
o h
2 o
S 30 = o
© [
o H 1 O
$ 20
10 8
0
0,0 0,5 1,0 15 2,0 2,5 3,0

Dimensionless surficial loading ga/vg,
related to total projected area of lamella settlers

Figure 14: Comparison of results for 2 modules and 80 mm and 40 mm lamella spacing. Two distinct differ-
ent patterns can be distinguished here.

But how can this be explained? It is not a question of a different surface load because it had already
been shown that this effect is accounted for by scaling with the settling velocity.

The clue lies in the fact that the tank in which the lamellae are inserted has itself also some sedi-
mentation effect, which can be seen directly from the tests without lamella modules. Formally, this

proj,tot

could be assigned to the parameter 4 from Chapter 2.2 which shows indeed different yet

= 2.5 for 40 mm and 1.25 for

Aprojtot 4.44 m?
constant values for both sets of test runs (we get =2 =
LB 24m-074m

80 mm modules) since the settling area L-B of the tank is not modified between the different sets of
tests in Figure 14. For 80 mm modules with a smaller projected surface, the tank has some more
influence than for 40 mm modules, and since all sedimentation effect is assigned to the lamella
surface only, the efficiency is apparently “better” for the 80 mm modules and “worse” for h, = 40
mm for the same value of ga/Vvs.
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proj,tot

A
Obviously, the efficiency is formally dependent® on ga/v, and also on . In order to get an idea

which part of the measured effect is due to the tank and which due to the lamella modules, we can
assume next that settling takes place in the flume only, i.e. in a settling basin with L - B as plan view
area. The abscissa then may be also a dimensionless ga tank/Vs Value, but with gatank = Q / (B-L) as the
surface load related to the tank rather than to the lamellae. In this context, also the results of some
tests without modules can be drawn in. The abscissa parameter may also be written as

e Q

B-L-v Aproj,tot " Vs

. Aproj,tot _ qda . Aproj,tot

L-B v, L-B

(11)

i.e. we replace formally the abscissa parameter qa/v; by the product of both parameters men-

tioned.
Tank with or without lamella modules
100 ' B i OhL =80 mm, 2 mod, 1 kg/l
A o B
90 N ._.. LT oOhL =80 mm, 2 mod, 1,0135 kg/I
° 80 O = [=] O hL =80 mm, 2 mod, 1,0255 kg/l
=
p A LA o I; OhL =80 mm, 2 mod, 1,0375 kgl
= o | ]
- 70 ®hL =40 mm, 2 mod, 1 kg/l
L 3
> 60 o ¢ vy mhL =40 mm, 2 mod, 1,0135 kg
< A
o DD - mhL =40 mm, 2 mod, 1,028 kg/l
3
= 50 — ®hL =40 mm, 2 mod, 1,0255 kg/l
@ *
g 40 o o ¢ hL =40 mm, 1 mod, 1 kg/I
= =) ° ¢ hL =40 mm, 1 mod, 1,0135 kg/l
@©
g 30 A " ®hL =40 mm, 1 mod, 1,0255 kg/I
$ 20 ¢ hL =40 mm, 1 mod, 1,028 kg/I
®hL =80 mm, 1 mod, 1 kg/l
10 8
Ano modules, 1 kg/l
0 Ano modules, 1,034 kg/l
0,0 0,5 1,0 1,5 2,0 ano modules, 1,048 kg/l
Q/(B-L-vy)

Figure 15: Using the different abscissa parameter, the test results of all configurations show nearly no sig-
nificant separate patterns.

Figure 15 yields a somewhat surprising result: The data of all tests, including those without lamel-

lae, group themselves in nearly the same manner. Since the scatter is large, it is even difficult to see

whether any test series with lamella settlers show an improved sedimentation performance than

the tank without settlers. There is at least some improvement, as can be seen from Figure 16 where

only tests with a fluid density of 1 kg/I are shown. Here, the clusters show an enlarged efficiency

> From the parameter list of dimensional analysis in Chapter 2.2, one could formally also suspect that the
. . h .
mentioned effect might be a reason of another parameter, e.g. the Reynolds number, % . 7L If this would

really cause this rather pronounced effect, however, we could also see in Figure 13 separate data clusters.
Thus it is more probable that the effect is due to settling in the flume rather than due to viscosity.

[24]
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with larger lamella projection area, i.e. tests with two 40 mm-modules outperform the 80 mm tests
and these again the tests without lamella settlers. Anyhow, the effect is much smaller than ex-

pected.
Tank with or without lamella modules
100 —m
77i¥j* mhL =40 mm, 2 mod, 1 kg/l
90 ”.90‘ oOhL =80 mm, 2 mod, 1 kg/I
<} H L 3 b
s 80 A o @ hL =40 mm, 1 mod, 1 kg/l
£ []
=y 70 ®hL =80 mm, 1 mod, 1 kg/I
) il
= 60 2* o e Ano modules, 1 kg/!
S 4
+= 50 -
©
E 40
S 30
I
)
A 20
10
0
0,0 0,5 1,0 1,5 2,0
Q/(B-L-vyg)

Figure 16: Same as Figure 15, but only with tests with density 1 kg/L.

To quantify the effect of increased settling performance due to the lamella surface, the data scatter
must be removed somehow. In the following, we try to define average performance curves for any
settler geometry (no, 1 or 2 lamella modules with h, = 40 mm or 80 mm). As a mathematical curve
which shows y = 1.0 = 100 % efficiency at the abscissa value x = Q/(B-L-v,) = 0 and which also has a

y = 0 asymptote for x approaching infinity, the following synthetic one-parameter graph can be
used:

1
n= 3

(C'B-g-vs) +1 ()

Using a minimum-least-square method in x direction (not shown here for brevity), the only parame-
ter C can be fitted to any set of data points and the behavior of C can be investigated. Figure 17
shows that this curve follows the general trend of the data very well. This was also confirmed for
other settler geometries (Figure 18).
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Figure 17: Approximation of data points by a single curve
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Figure 18: Same as Figure 17, but for other settler geometries
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The parameter C describes the effective settling area of the combination tank plus inserted lamella
settler modules as follows: For the tests without lamella modules, the effective settling area is
B-L=0.74m-2.4m=1.776 m% We got the value C = C, = 1.177 in this case. Setting up the same
equation including lamella settler modules, we get a smaller value C. The inverse ratio Co/C may be
interpreted as an apparent increase in settling surface since 1/C is linear with B-L in the above for-
mula. It is shown in Table 2 and Figure 19 in dependence on the ratio A1t/ (L-B) of projected la-
mella surfaces to flume surface.

Table 2: Apparent increase in settling surface if lamella settlers are installed

Without 1 module 2 modules 1 module 2 modules
modules h,=80mm h,=80mm h =40mm h, =40 mm
Total area of flume L- B in m? 1.78 1.78 1.78 1.78 1.78
Projected area of lamellae A ;1o in M? 0.00 1.10 2.20 2.20 4.40
Aprojtor/ (L - B) 0.00 0.62 1.24 1.24 2.47
Cvalue 1.177 0.939 0.997 0.903 0.859
Co/C 1.000 1.254 1.181 1.303 1.370
Apparent increase in settling area in % 0.0 25.4 18.1 30.3 37.0
40 r
3 ) L.
— ~ 2mod., 40 mm

30 WEEJ

10 = L—%E ‘

<" no modules
i

5 Z

O { T T T T T

0,0 0,5 1,0 1,5 2,0 2,5 3,0
Aproj,tot /(L-B)
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N
o

N \

3 \
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Figure 19: Apparent increase in settling area vs. ratio of lamella and flume surface

From Figure 19, it can be seen that the apparent increase in settling surface is much smaller than
the increase in actual built-in total projected area of the lamella settlers. With other words: E.g.
doubling the settling area of a sedimentation basin using cross-flow lamella modules will be less
effective than using a larger sedimentation basin having double plan-view surface L - B. Anyhow, we
get an improved performance by the fact that it is easy to add large projected surfaces using lamel-
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la separators with narrow gaps (small h,), but the effect is not proportional to the installed settling
area.

Moreover, it can be noted from Figure 19 that the apparent increase of the settling surface is nearly
linear to Apo; While the overall geometry is similar, i.e. two modules where only the plate spacing is
different so that the overall flow pattern remains the same. The tests using only one module do not
follow this linear relationship.

It should be noted that the additional installed settling surface was comparatively small in the
model tests. This is due to the fact that we kept to 40 mm and 80 mm lamellae, i.e. prototype spac-
ing, while the flume is much smaller than a real stormwater detention tank. 80 mm lamellae with
60° inclination angle have a specific projected area of around 6.2 m?/m? of volume. If, for example a
detention basin of L:B:H=20.0: 4.44: 2.0 m and V = 178 m3 is equipped to half of its volume with
80 mm lamellae, we get a total projected settling area of 551.8 m? + % - 20 - 4.44 = 596.2 m2. This is
an increase in 571 % over the plan-view area of 20 - 4.44 = 88.8 m? in the tank without modules.
The model tests worked with an increase of max. (4.40 + % - 1.78) / 1.78 = 297 %, which is still large,
but not quite as much. Even if the model test results are somewhat pessimistic, for a real storm-
water tank with lamellae a good overall efficiency can be expected due to the very large settling
surface.

What is the reason for this rather unexpected behavior? In KIT (2015b), upflow lamella separators
were investigated where a quite similar phenomenon was observed; the sedimentation efficiency
was much less than expected due to the active projected settling surface. It had been found out
that this was probably due to rolling down of already settled sediments which mixed again into the
inflow rather effectively. This effect is even more pronounced by the well-rolling grains used as
model sediment.

The cross-flow lamella separator was used in the present project with the intention to avoid this
non-desired effect. Sediments should slide down in sideward direction in order not to re-mix into
the longitudinal main flow. The Perspex modules allowed visual yet qualitative observation of this
effect and gave an interesting result: Single particles did not slide down more or less perpendicular
to the direction of flow, as assumed, even on the rather steep 60° lamellae. Instead, many particles
just stayed in contact with the surface. A large number of these grains was picked up or loosened
by the flow, losing contact with the settler plate surface. Others did not get in contact with the set-
tler plate surface when settling. But rather than just sliding down and following gravity, as ex-
pected, these particles typically followed a skew and irregular path, dependent on the flow, with a
merely small downward component and a larger longitudinal component in direction of flow. Thus,
they reach the trailing edge of the lamella plates and are again re-mixed into the flow. In fact, this is
a similar effect as at the upflow lamella separator. However, it was not possible to observe this
essential phenomenon in a more thorough and detailed quantitative way.
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Figure 20: The trailing
edge of the second lamella
module during a test. A lot
of sediment has settled on
the inclined surfaces. A
considerable number of
grains are transported by
the flow over the edge.

One idea to describe the observed effects would be formulating a phenomenological model which
describes a) the process of settling of a certain percentage of the suspended sediments on the set-
tler surfaces, b) the percentage of this settled material which stays just where it is, c) the percent-
age of the settled material which slides down into the sump where it is assumed to be sheltered
from the flow, and finally d) the percentage which is entrained by the flow and re-mixed at the tail
edges of the plates. All these effects are to be expressed as a function of (mainly) flow, settler sur-
face and sediment properties as well as on the test duration. In a second step, the effect of the
vessel or tank has to be accounted for, too. Anyhow, within DESSIN we refrained from setting up
such a model because it would imply a lot of additional assumptions where any verification would
be doubtful in the light of the feeble and coarse available data.

In order to investigate more thoroughly the effects of sliding down of the particles as well as re-
mixing at the trailing edge of lamellae, some tests were conducted where “tail strips” were glued to
the trailing edge of the existing 40 mm lamellae with 60° inclination angle. Another set of tests used
horizontal plates without “tail strips”. These additional tests will be described in the following chap-
ter.
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5 Experiments with “tail strips” on the lamella plates

5.1 Experimental set up and observations

The “tail strips” are 4 x 10 mm Perspex strips which were glued directly on the trailing edge of each
lamella plate in both 40 mm lamella modules (60° inclination angle). It was assumed that sediment
grains which are transported by the flow close to the lamella surface such as to drop finally off the
trailing edge are captured by the strip and re-directed to slide down rather than to be re-mixed.

Tests were made with 40mm plate spacing only.

Figure 21: Close look
on the “tail strips” of
the second lamella
module during the
test. Some sediment
grains are trapped by
the strip, while oth-
ers skip over it,
transported by the
flow.

As in the past tests, several series with different fluid density were made. For each density, the
discharge varied between 3 L/s and approximately 8 L/s, typically in steps of 1 L/s. 25 kg of common
kitchen salt (sodium chloride) were necessary to reach a density of 1,013 kg/L. Intermediate con-
centrations (1,003 kg/L, 1,007 kg/L and 1,010 kg/L) have also been studied. For the tests with salt
water, it was necessary to measure in every experiment the density with a hydrometer since densi-
ty decreased with time due to sweet-water rinsing of the experimental rig.

It was essential to describe the settling process a bit closer. To observe it, the well-visible sediment
grains themselves were used as a tracer. When needed, a colouring agent was also injected in the
flow. The general behaviour of sediments is the same for different flows: Sediment is transported
by the flow and when the grains come into contact with the plates, they are deposited. It was very
difficult to observe any sliding-down movement of sediments because it is a slow process. Anyhow,
it could again be observed that already deposited sediment grains are still transported in the direc-
tion of flow in a rolling manner.

The two modules are arranged one after another so that the plates were flush with a small gap
between. For a small discharge of 3 L/s or 4 L/s, however, very few sediment grains arrive on the
second module. So, the tail strips on the second module play a negligible role. Furthermore, as it
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was difficult to observe the trailing edges of the first module, we had to look at a higher flow to
understand the role of the strips.

For a discharge of approximately 5.5 L/s, sediments reached in significant quantity the second
module and the strips. They grouped together in flakes along the length of these strips (Figure 21).

At a flow of 7 L/s, sediment gathered in flocks and tended to go over the edge, because of the
speed of the flow. However, some particles slid downward along the edge. Once at the bottom,
some sediment was again mixed by the flow and deposited on the floor of the basin.
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Figure 22: Raw data of efficiency vs. flow for modules with “tail strips”. All tests were made
with h; =40 mm and two modules.

From Figure 22, the already known dependency of settling efficiency on the flow and also on the
fluid density can be seen. Again, experimental scatter is evident, but the results show a consistent
pattern.

Figure 23 shows these data again in the already known dimensionless form where the surface load-
ing Q/(B-L) is calculated using the flume bottom area (cf. Figure 18, right bottom diagram). There is
again a unique cluster with few scatter. The synthetic curve from Eq. ( 12 ) was again fitted to the
data. The best fit for the parameter Cis C = 0.878. If this is compared with Cq = 1.177 for the flume
without any lamella modules from Table 2, we get an apparent increase in settling surface of (C,/C)
—1=34.1%. This is a somewhat smaller value than 37.0 % for two 40 mm modules without “tail
strips”. Seemingly, the strips do not increase the overall performance of the investigated geometry
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of cross-flow lamella settlers with this particular model sediment and within the investigated range

of surface loadings. However, due to the lack of data, this statement must not be generalized.
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Figure 23: Dimensionless plot including a fitted synthetic curve

From Figure 23, however, it can be seen that Eq. ( 12 ) does not follow the data points with “tail

strip” as well as it did in Figure 18, right bottom diagram. Instead, the data points show a better

efficiency at low Q/(B-L-v,) values, i.e. at low flows, while at higher flows, the measured perfor-

mance falls short of the synthetic curve. This is an interesting fact. It confirms the observations

already mentioned that sediments are trapped by the “tail strips” up to a certain flow where an

onset of transport over the “tail strips” takes place. This means that “tail strips” will indeed improve

the settling performance for low flows, as long as the lamella settlers are not surcharged.

Other appurtenances in order to encourage sliding down of settled sediment particles and to pre-

vent entrainment by the flow have not been investigated, such as e.g. the use of corrugated plates

rather than flat inclined plates.

The following statements can be made:

Tail strips are not sufficient to suppress the re-entrainment and transport of already settled
grains over the trailing edge of the lamella plates. However, a somewhat improved settling
efficiency may be noted for small flows.

The statement holds only for the well-rolling model sediments used here. It must not be
generalized for real sewage-borne sediments.
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6 Experiments with horizontal plate settlers

In order to get a better insight in the settling and re-
mobilisation processes, also two horizontal plate set-
tler modules were built and tested in the experi-
mental rig. Different than with the 60° inclined plate
settlers, settled sediment cannot slide down, but may
be transported by the flow, anyway. The horizontal
plates did not feature “tail strips”.

For a horizontal plate settler, the projected settling
area equals the total plate area. Thus, a horizontal
plate module with a lamella spacing of h, = 80 mm has
approximately the same surface as a 60° inclined plate
settler with h, = 40 mm. All tests were made with two
modules and h, = 80 mm exclusively. Since the goal of
the tests was to gain qualitative insight rather than to
establish well-documented efficiency curves, the ex-

perimental program was kept small.

Figure 24: Two horizontal plate settlers in place

6.1 Experimental setup and observations

In this configuration, only two cases were studied: Water without salt and water with a density of
1,011 kg/L. For these two situations, as in the past tests, the discharge was varied between 3 L/s
and 8 L/s.

The comprehension of the settling process was a major topic of these experiments, so the modules
were again built from clear Perspex plates. Observation was somewhat hindered by large air bub-
bles trapped under the plates. Qualitatively, it could be observed that settled sediment collected on
the plates, forming sediment dunes which indicated some transport of the material by the flow. It
could be observed that these dunes moved slowly during the 1 h of test duration.

In Figure 25, the movement of sediments is shown. The two pictures were taken respectively 30
minutes and 60 minutes after the beginning of the experiment. Several observations can be made:

e The dune crests are curved rather than straight, and moreover not symmetrical, which is an
indicator for a non-homogenous flow distribution

e The dunes are more advanced on the upper plates than on the lower, again indicating non-
homogenous flow distribution (higher velocity above than below)

e On the upper plates, a larger amount of sediment is deposited than below (cf. Figure 26)
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e The first module is collecting more sediment than the second (e.g. indicated by the fact that
no dune formation is visible in Figure 26).

e The dunes are working as a sediment reservoir which is exposed to the flow. If the experi-
ment will run for a longer time than 1 hour, it can be expected that still some sediment is
entrained from the dunes. Since the sediment was added all at the same time at the begin-
ning of each test run, the effect will yield an apparently decreasing efficiency with increas-
ing test duration. The same effect was also observed in the detention basin without lamella
modules, but less pronounced. It was not investigated more in detail.

e At the trailing edge of the lamellae, the sediment dunes are mixed into the flow again.
Then, sediments are either deposited on a lamella of the second module or are taken by

the flow to go in the overflow.

Figure 25: (above and right): Horizontal plate settler, 2
modules, h, = 80 mm, Q = 4,0 L/s. Evolution of sediment
dunes with time. Left: 30 min, right: 60 min after beginning
of test

Figure 26 (left): Horizontal plate settler, 2
modules, h, = 80 mm, Q = 4,0 L/s. Trailing
edge view. Sediment is transported over
the smooth horizontal surfaces and re-
mixed into the flow.
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As in the proceeding chapter, Figure 27 shows the efficiency n = f(Q) while the following figures are
dimensionless. Again, the results are qualitatively such as expected, i.e. the efficiency is decreasing
with increasing flow and with increasing fluid density (which yields a smaller settling velocity). The
total projected area A0t = 4.2 m? for the horizontal plate clarifier with hy = 80 mm and Aot =
4.4 m? for the 60° lamellae with h, = 40 mm is approximately the same. Figure 28 shows a direct
comparison of the obtained settling efficiencies with those of the cross-flow clarifier. The horizontal
plate settler data show a somewhat smaller settling efficiency, but this is not very significant due to
the large scatter and comparatively few data points and maybe also due to the somewhat smaller
projected settling area Ayrojtot-
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Figure 27: Raw data of efficiency vs. flow for a horizontal plate clarifier (two modules, h; = 80 mm)
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Figure 28: Comparison of a horizontal plate clarifier with cross-flow clarifiers, both for a total projected
area of Ay tor = 4.2 m? and 4.4 m?, respectively, and in the same experimental rig
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The general pattern of the data points is again well approximated by Eq. ( 12 ), for a first glance also
without showing the effects seen in the experiments with “tail strips” (however, in the present
experiments, only small Q/(B-L-v,) values were reached). The best-fit coefficient is C = 0.904. If this
C value is compared with Cy = 1.177 for the flume without any lamella modules from Table 2, we
get an apparent increase in settling surface of (Co/C) — 1 = 30.1 % only (for comparison, 37.0 % for
60° lamellae without tail strips and 34.1 % with tail strips). This indicates also a somewhat worse
settling performance of the horizontal plate settler.

Horizontal plate clarifier, 2 modules, h, =80 mm
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Figure 29: Modelled curve and data set for the horizontal lamella settlers

The following statements can be made:

e Horizontal plate settlers achieve the same projected settling surface Ayt @s inclined
plates by using much less material or, respectively, by a larger plate spacing h.. Compared
with 60° lamellae, h, can be doubled. This may be seen as a considerable advantage, as well
economically as with respect to possible clogging.

e Using an approximately equal projected settling surface A,.;tot, the investigated horizontal
plate settler showed for the same flow a somewhat smaller settling efficiency for the model
sediment, but the effect is minor. The effect of improved settling on the enlarged surface
seems to work well, but obviously the transport of settled material on the smooth surfaces
plays an important role.

e Again, these statements have been gained with the well-rolling and non-cohesive model
sediment with rather large grains of uniform size. They must not be generalized.

e These results are not sufficient in order to decide whether horizontal plate settlers may be
used successfully for combined sewage or stormwater treatment. The mentioned ad-
vantages, particularly large lamella spacing, may be thwarted by operational disadvantages,
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e.g. the necessity of a suitable cleaning system. Settled sediment is much more exposed to
the flow (and thus prone to re-entrainment during flow peaks) than it would be if collected
at the tank bottom.
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7 Comparison with results for upflow lamella separators

In the mentioned recently completed research project KIT (2015b), model tests on an upflow
lamella separator were performed where a comparison of the results suggests itself. Since the
evaluation there follows a somewhat different path, the data are re-evaluated in the following.
Table 3 shows the technical data of the tests which were performed in nearly the same way and
using the very same sediment (including addition of salt) as in the present project. The upflow
lamella modules were arranged in a tub where the throughflow was not parallel, as in the present
tests. Anyhow, the measured settling efficiency is again due to the lamellae as well as due to the

tub, and it is necessary to try to separate both effects.

Table 3: Technical data of model tests from KIT (2015b) with upflow lamella settlers

volume of tub

ca.1.0m?

ground surface of tub, A;ank

ca. 0.96 m?

dimensions of lamella packet (projected view)

L:B:H = 1200 x 800 x 370 mm

inflow Q (pumped)

max. 7.0 I/s

type of honeycomb modules

a) Leiblein LW 40, 40 mm height
b) Leiblein LW 80, 80 mm height

Specific projected settling area of this honeycomb type at 60° incli-
nation

a)12.5m*/m®* b) 6.3 m?*/m?3

inclination angle

60°

total projected settling area Ao ot

a)4.44m? b)2.22 m?

surface loading g, if homogenous throughflow through all honey-
combs is assumed

a)4.1m/h@5.0l/s
b)8.2 m/h @ 5.01/s

In KIT (2015b), it was assumed that sedimentation takes place on the lamellae only, thus the abscis-
sa was given by the dimensionless property qa/vs where g, = Q/Ayrjtot- I this case, two distinct
patterns for 40 mm and 80 mm lamellae can be seen just as in Figure 14. The diagram is repro-

duced in Figure 30.

This graphics may serve for a first direct comparison of the upflow settler data if the abscissa values
are computed using the total projected area of the lamellae, A, «t, and neglecting the effect of the
tub. The result is shown in Figure 31 where all data points of experimental runs with a different

fluid density are shown in the same colour.
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Figure 30: Settling efficiency of an upflow lamella separator as function of q,/v, (from KIT 2015b)
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Figure 31: Comparison of cross-flow and upflow lamella settler efficiencies, both with approximately equal
settling areas (A0t = 4.4 m? at 40 mm lamella spacing and 2.2 m? at 80 mm, for both types)
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It can be seen that the tests with the cross-flow clarifier revealed a significantly higher settling effi-
ciency than those with the upflow unit, up to the double value which is very pronounced. Anyhow,
it is doubtful that this improved sedimentation efficiency is due to the lamella arrangement: it has
been shown already that the efficiency of an experimental rig is due to the lamella modules as well
as due to the tub or basin in which they are installed. Both are not comparable in the two research
projects. The basin used in the present report shows a near-parallel throughflow while the flow in
the tub used in KIT (2015b) was three-dimensional due to the upflow arrangement of the modules.
Moreover, the present basin is also considerably larger than the tub (ground plane area L:-B =1.78
m? compared with A.n = 0.96 m? in the past tests). If we assume sedimentation in the tub or basin
as a non-negligible (or perhaps even dominant) effect in the model tests, this could explain the
shown differences in settling efficiency. Anyhow, effects of re-mixing of sediment (which may per-
haps be more pronounced at the upflow lamella modules) also contribute to the observed better
performance of the cross-flow settlers.

As shown in Chapter 4.2, it is alternatively possible to compute the abscissa value using the tub
ground plane surface (Ank Or L-B) rather than the projected lamella surface Ayrojtor. In @ diagram like
this, the implicit assumption is made that sedimentation takes place mainly in the tub (and it should
be investigated whether there is an increase due to the lamellae). The result is shown in Figure 32.
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Figure 32: Comparison of cross-flow and upflow lamella settler efficiencies, other abscissa, including fitted
synthetic curves

We see the same data points, but now the data from the upflow settler show a somewhat larger
efficiency than those of the cross-flow lamella clarifier of the present investigation. Anyhow, the
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difference between both separator types is not quite as large as in Figure 31. Of course, if we con-

sider that the plan surface A, is considerably larger for the cross-flow than for the upflow model

setup, data points with the same discharge are more to the left for the cross-flow and more to the

right for the upflow tests. Again, this may explain the observation if an efficiency of the same order

of magnitude is assumed for equal flow (the model sediment properties as well as the total lamella

surface were equal in both tests). To suppress the effect of data scatter, again curves were fitted

into the data as shown in Chapter 4.2, but for both types of settlers.

In this mode of presentation by an one-parameter curve, C will characterize the performance un-

ambiguously. In Chapter 4.2, C was computed using Eqg. ( 12 ). To investigate the increase in sedi-

mentation performance by the lamellae, the ratio C/C, could be interpreted as apparent increase in

settling surface. This approach is also evaluated for comparison of both lamella settle types in Table

4 and Figure 33.

Table 4: Comparison of apparent increase of settling area for upflow and up flow lamella separator tests

Cross-flow lamella separator Upflow lamellae

Without 2 modules 2 modules |Without

modules hL=80 mm h|_=40 mm |modules h|_=80 mm h|_=40 mm
Total area of flume L- B in m? 1.78 1.78 1.78| (fictitious) 0.96 0.96
Projected area of lamellae A, ot in M? 0.00 2.20 4.40 2.22 4.44
Aproitot/ Atank 0.00 1.24 2.47 2313 4.625
Cvalue 1.177 0.997 0.859 0.918 0.705 0.572
Co/C 1.000 1.181 1.370|(calculated) 1.302 1.604
Apparent increase in settling area in % 0.0 18.1 37.0 30.2 60.4
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Figure 33: Apparent increase in settling area for cross-flow and up-flow lamella separators. The abscissa is
the ratio of projected settler surface to the plan surface of the tank or vessel in which the la-

mellae are inserted.
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If we consider the red data valid for the cross-flow settler, we can see a nearly linear increase in the
value (Co/C — 1) as apparent increase in settling surface. This has already been pointed out in Figure
19. Since there are tests without any modules, there is also a data point in the origin of the dia-
gram. For the blue data of the upflow settler, no such tests without lamellae are available (test runs
with lamella packets removed would have made no sense there since the flow pattern in the model
rig would have been completely different without the flow-stratifying effect of the lamella mod-
ules). Anyhow, formally two different C values can be obtained for 80 mm and 40 mm lamellae,
assuming the plan area the tub of A.n = 0.96 m2. The Cy value is unknown, and for producing the
curve of Figure 33, a linear blue curve was assumed. This can be justified by assuming that a double
real projected lamella surface will cause the double apparent increase in settling area. Moreover,
the red line shows also this linearity, resulting from C and Cy values which were determined there
by experimental results. We get C, = 0.918.

Under this approach, finally, it is possible to make a comparison between both lamella settler types.
The steepness of the linear curves in Figure 33 includes all effects such as sediment re-mixing. We
can see that the apparent increase in settling surface is somewhat larger for cross-flow lamella set-
tlers than for upflow settlers. Figure 33 gives an advantage in the order of magnitude if somewhat
more than 10 % for the cross-flow settler. This may be a consequence of the fact that sliding down
and re-mixing of sediments is somewhat more pronounced in an upflow lamella separator than in a
cross-flow unit.

Anyhow, this result should not be over-interpreted since the advantage is not too large and the
comparison was based on somewhat uncertain assumptions and large data scatter.

For prototype size settlers, it may be taken into account that the ratio of projected lamella surface
to the plan area of the tank is much larger than in the model tests, due to the fact that the lamella
spacing in the tests was 40 mm and 80 mm, the same value which is chosen in prototype lamella
arrays. The experimental rig used in the model tests may be regarded as a scale model of a proto-
type CSO tank where M, is the length scale with, say, M, = 1:10. Then, the floor area A = L - B will
be scaled with M,? = 1:100 and the tank volume with M? = 1:1000. It can be shown that for the
same lamella spacing h, in prototype and model, the ratio Ayt is scaled also as M2 = 1:1000,
while the ratio Ayt / (L - B) is scaled as M, = 1:10. If the linear behaviour of Figure 33 is extra-
polated, we will get for a prototype tank 10 times as large as the model, equipped with 80 mm la-
mellae, an apparent increase in settling area of around 350 %.

We should be well aware that the result resembles the performance with well-rolling model sedi-
ment only. For real sewer sediment with probably less tendency to slide down, a different perfor-
mance is possible. On the other end of the scale, an idealized sediment may be assumed which
“sticks” at the lamella surfaces without sliding down or being remobilized. Then, a behaviour close
to theory is expected where the apparent increase in settling surface is equal to the lamella surface.
Probably there no difference can be found between both types of settlers.
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Summarily, the following statements can be made:

e Even if some assumptions had to be made, the results of both research projects on model
tests on cross-flow and upflow lamella separators could be compared.

e Results indicate that the cross-flow lamella settler reveals a somewhat better performance
than the upflow settler of the same projected surface, even if the difference is minor.

e The tests have been made with idealized well-rolling sediment with large grains. Extrapola-
tion to real sewer sediments is problematic, but there is some evidence that for real sewer
sediment both settler types will show an equal performance.
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This chapter should compile finally the main findings of the DESSIN model tests on cross-flow lamel-
la settlers. The concept of model tests was given by the idea that the approach should be close to
the tests from the past project on upflow settlers. Moreover, like at any research project, budget
and time restrictions called for a small model test unit and a limited program, so any basic research
e.g. on sediment properties was not within the scope of the DESSIN project.

The lessons learned from the model tests can be summed up as follows:

IM

1) The use of well-rolling “ideal” model sediment gave good insight in the basic processes of lamella

settler operation.

2) In most literature on lamella settlers, it is assumed that sediment removal from the throughflow
is governed mainly by the process of sedimentation, putting the focus nearly exclusively on sedi-
mentation theory. However, the findings of the present model tests indicate that some other ef-
fects play an even more important role on the overall separation performance:

a) More or less pronounced sticking of sediment to inclined (smooth or rough) surfaces

b) Sliding down of particles, either as single grains or as fluff or flake aggregates, along such in-
clined surfaces

c) Sediment transport close to the surface due to — and along with — the flow.

In addition, b) and c) may also cause re-mixing of particles into the flow, either at the bottom of an
upflow settler or at the tail edge of the plates.

These effects are not yet understood in detail. The mechanism of cohesion of small sediment parti-
cles, i.e. possible sticking to each other or to the surface, may be the key clue. Further research
aiming at an improvement of lamella settlers of any shape should focus on these questions.

3) Even if only the process of sedimentation is investigated, there is always an important effect or
contribution by the vessel or tank in which lamella settler modules of any kind are installed. Both
effects cannot be separated in model tests.

4) The originally intended goal was to set up dimensionless efficiency curves by the use of model
test results. These curves should be suitable to predict also the performance of prototype lamella
settlers. However, this ambitious goal could not be achieved.

Dimensionless efficiency results suggest that they can be scaled and then transferred also to sedi-
ment of different settling velocity or even such having a non-uniform distribution of settling veloci-
ty. Anyhow, because of the dominating non-sedimentation effects stated under 2), efficiency re-
sults predicted for real sediment in prototype CSO tanks are not reliable. This is due to the fact that
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the sediment still can be characterized by its settling properties only and the secondary effects un-
der 2) cannot be scaled properly yet.

5) The good news is that tests with real sewer sediments conducted in the mentioned former re-
search project revealed considerably better separation efficiencies than predicted as above by
model test data. Possible reasons for this observation are again the effects mentioned under 2):

a) real sediment will stick to the settler surfaces more pronounced than the large well-rolling
model sediment grains,

b) sliding of sediment down the settler surfaces is hindered by sticking and also by flocculation
processes. Possibly flakes will form which will not slide down (if this happens at all) before they
have reached a certain size,

c) the sediment transport is different to the model sediment (single large grains vs. flakes).

It is assumed that re-mixing of sediment into the flow due to b) and c) will be less pronounced than
in the model tests.

In addition, it may be postulated

d) that also the sedimentation process itself is affected by sediment cohesion since sediment
flakes may have a larger settling velocity than the individual non-aggregated particles.

6) In the DESSIN project also tests on a prototype-scale cross-flow lamella settler are planned at
Emscher and Hoffselva site. It is necessary that the separation efficiency results of these prototype
tests are evaluated also with respect to the sediment properties, and that a comparison with the
model results and also to the results of the former upflow settler prototype investigations are
made.
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