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CFD IN WASTEWATER
TREATMENT PLANTS
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Computational Fluid Dynamics (CFD, please
see Ferziger and Peric, 2012) generally allows a
comprehensive analysis of the hydraulic
behaviour of a design. CFD can address many
problems that historically were studied using
scale physical modelling. Both CFD and
physical models are typically used to study
three-dimensional flow problems, both can
generally handle steady and transient simulation
scenarios, and both require a relatively high
level of specialised resources. However, there
are also important differences between CFD
and physical model studies, as discussed later.

Closely tied to developments in computer
technology, CFD enjoys the benefits of the
exponential growth of computational power.
Most of the progress in recent years is not so
much in the understanding of the underlying
physics of the flows modelled, but more in the
easiness of use, manageable case dimensions,
computer response time, cost, etc.

As an example, we can consider a well-known
water treatment process, the disinfection
contact tank, and more specifically, the determi-
nation of its residence time distribution, which is
probably the simplest hydraulic analysis
problem for the application of CFD in water
treatment. It is very easy to understand the
results of this analysis (shortcuts, recirculation or
dead volumes, etc.), and imagine possible
optimization. A lot has already been explored on
this particular topic. Either profiting from the
experience gained with existing tanks or reser-
voirs (field based tracing), or from systematic
R&D work done on reduced scale physical
models, and, more recently, on CFD models.

Several reasons make this an interesting case of

discussion:

e The computational effort needed for the CFD
analysis of this problem is relatively small,
especially when compared with the effort
needed for a physical model study.

e Under certain circumstances, a 2D analysis is
an acceptable simplification of this problem,
allowing for a large number of simulations to
be ran in a very short amount of time.

e |tis relatively simple to conceive a design
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Figure 1. Contact tank with two distinct baffles
arrangements (the arrangement on the left has
baffles only at the entrance, but not in the interior
of the tank). Velocity distribution on a horizontal
section plane at half height. (Volume: 100 000 m?;
flow rate: 2 m%/s)

driven by parameterization (e.g. number,
length and position of baffles), allowing for
the automatic search of an optimum design
within the given constraints.

e Despite the long history of accumulated
experience on this problem, a custom-made
design seems to be always preferred, either
because a unique geometry is imposed by
particular site constraints (refurbishments and
extensions, etc.), or simply because a
particular concept or design compromise has
not been characterised before.

Figure 1 shows the simulated velocity distri-
bution in a disinfection contact tank for two
different baffle configurations. This example
illustrates well the advantages offered by CFD in
the hydraulic design of water treatment plants.
Specifically:

o There are clear basic benefits when
compared to physical modelling, like time
and cost;

e The simulated physics, for the most basic
analysis, are relatively simple;

e The potential for automated design

Figure 2. Discharge weir with water injection at
the bottom (Diameter: 8 m; flow rate: 4 m%/s).
This injection pattern gives rise to non-uniform

flow distribution across the weirs since the flow
is not guaranteed to be symmetrical

optimization exists, while there is no such
possibility in an equivalent physical scale
model study;

e The modelled physics can promptly be
extended to the limits of our needs or
knowledge, allowing the designer to go
beyond the purely hydraulic aspects, into a
more comprehensible water treatment analysis
(integrating pathogen inactivation laws, by-
product formation estimation, etc.).

If CFD can be of great assistance in the design

and optimization of what seems to be a simple

and long-mastered water treatment process, its
application to the rest of the treatment plant has
literally no limits.

In developing and using CFD models (Casey and
Wintergerste, 2000), productivity is mostly
controlled by the ease with which the a user can
develop the numerical grid for the representation
of the geometry of the problem domain and the
application of boundary conditions (using, for
example, a modern GUI like the one provided by
STAR-CCM+®), and by how powerful the
computer resources performing the CFD analysis
actually are. The latter, in particular, have to be
adequately prepared for the size and type of
intended analysis. A steady-state analysis, for
example, is typically limited by RAM memory
whereas a transient analysis is mostly limited by
the actual time it takes to perform the simulation.
It is also true that there are still several limitations
in physical models and data needed by CFD, e.g.
models adequate for multi-fluid, multi-phase
flows and data for non-Newtonian fluids or even,
at a more practical level, the absence of a given
feature from the capabilities of the employed
CFD code (SIAMUF and Sommerfeld, 2008),
which prevent a more widespread use of the tool.
CFD analysis exhibits a huge variation in what
regards physical complexity, mesh size, CPU
time and, consequently, cost. However, within the
purview of large structures, there are several
typical water and wastewater treatment compo-
nents where CFD analysis is now easily
deployed. A few examples follow. Analysis have
been performed with STAR-CCM+® (mostly) and
OpenFOAM® .
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Distribution Chambers

This type of structure aims to split the flow be-
tween distinct branches. Typically made out of
concrete, they can be up to several dozen me-
ters in diameter or length. Their design is influ-
enced by process equipment located upstream
and downstream, which, more often than not,
translates to space constraints, especially in
retrofits. Also because of this, these structures
tend to be dealt with a case by case design,
thereby proving CFD essential. Static structures
are preferred and layouts range from circular
(Figure 2) to linear (Figure 3). Flow rate control
outlet is generally performed by free-fall sharp
crest weirs. This approach decouples flow distri-
bution from downstream influences but renders
the outlet flow rate very sensitive to local pertur-
bations.

Pumping Stations

Pumping Stations perform an essential function.
The overriding concern in their design and opera-
tion is to ensure uniform flow approach to the
pumps. Moreover, for each pump, a certain set of
flow parameters must be met in order to insure
that the pumps themselves operate efficiently
and reliably. These requirements go against the
local geometry and flow conditions, non-with-
standing the conventional design practices. CFD
provides the necessary approach to assess the
aforementioned concerns once boundary condi-
tions are properly set in the analysis on the pump
side. In particular, the pumps themselves are not
modelled. In modelling these problems the com-
putational domain extends at some length inside
the pumps inlet ducts. In this setup the model
equations make it possible to capture the inlet
pre-swirl angles, or the velocity distribution at the
pumps suction (seen in Figure 4 in the form of
streamlines coloured by velocity magnitude) and,
in case of a non-conformity with the American
National Standards Institute/Hydraulic Institute
(ANSI/HI) guidelines, study the effect of design
changes to improve them. Even on a stricter ad-
herence to current ANSI/HI guidelines, CFD
analysis allow for the identification of the most
adequate dimensions for physical model testing.

Flow Rate Measurement

Measurement of flow rates is much needed for
both process control and for economic reasons.
It goes without saying that much effort is continu-
ously devoted to develop reliable and accurate
flow measuring devices and techniques. Static
structures like flumes, however, continue to be a
popular approach given their relatively low-cost
and reliable operation. However, the flume may
also be under the influence of upstream struc-

tures, beyond standard recommendations, that
end up affecting the incoming flow pattern and,
thus, risk rending the calibration curve
meaningless. Another potential issue in the use
of the calibration curves can arise in the instal-
lation or the in-situ manufacturing of the flume,
since both can lead to geometrical deviations in
lengths and angles from the standard. The effect
of these deviations on the flow measuring
capability has then to be assessed and, if
necessary, new calibration curves determined.
All of these concerns can be easily assessed
with CFD if the computational model is made big
enough to include the influence of said distur-
bances (Figure 5) and/or produced with CAD
data that includes in-situ geometrical measure-
ments.

Separation

Separation of suspended solids is one of the
most common operations in a wastewater
treatment plant. However, the range in solid
sizes usually found in wastewater has led to a
diverse set of separation approaches, which
also has led to a diverse set of simulation
methods when using CFD to study this subject
(Wicklein et al, 2016). The basic distinction
between methods is in how the suspended
elements are considered: either as a continuum
(Eulerian approach) or as a discrete field
(Lagrangian approach). The former essentially
implies a mixture of several components —
forcibly including water and at least one type of
suspended solids — whereas in the latter each
particle is tracked individually. Both have limita-
tions regarding the type of physical processes
that can be accurately modelled and simulation
cost are usually high. However, choosing one
over the other approach may be based on the
water concentration relative to the suspended
solids: for low values an Eulerian approach is
advisable (Figure 6), for high values Lagrangian
is possible (Figure 7).

Filtration

Filtration is a separation process but entails an
active element that stands in as a filtration
element. Analysis of pressure loss effects and
associated flow distribution are common
practice, but the actual filtration effectiveness
can only be assessed case-by-case due to a
usually wide range of size and time scales
involved in the process. Numerically, this
disparity in scales almost always amounts to
costly simulations, unless the problem can be
reduced to a setup which is still economically
viable and produces results which are statisti-
cally significant. For example, retention rates of

Figure 3. Water approaching through open
channel (channel width: 2.5 m; flow rate: 6.5 m%/s).
Velocity distribution in impinging flow at closed
extremity composes non-uniformity in the flow
caused by lateral discharge weirs. Lower image
displays free-surface height relative to datum

Figure 4. Pumps inlet at pump station. Flow rate:
5 m%/s, distributed through 5 submersible

pumps. Flow pattern shown through streamlines
to assess admission requirements for safe pump

operation

Figure 5. Flumes operating under the influence of
discharge chamber and channel bend. Flow rates
approximately 1 m®%/s
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Figure 6. Secondary clarifier (18m radius) sludge
blanket modelling. Flow rate ~1.2 m%/s. Colours

represent sludge concentration
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Figure 7. Grit-trap optimization. Flow
~2 m®/s. Each particle represents a grit element

individual particles, solid, liquid or gaseous, can
be accurately estimated with a fraction of their
actual flow rate (e.g., Figure 7).

Mixing

Mixing is always accomplished through kine-
matic means, i.e., fluid motion. However, the way
that fluids are set in motion may vary. Simple
fluid direction change may be achieved by baf-
fles, by impellers, or through gas injection. Al
these options can be handled with CFD. How-
ever, when using impellers, the simulation can
be carried out in the reference frame(s) of the ro-
tating blades. This approximation allows a
steady-state simulation at the expense of obtain-
ing a time-averaged flow field (Figure 8). In gas
based mixing (Figure 9), on the other hand,
there is a need for a two-step approach be-
cause the actual gas-injection and gas-transport
processes need to be captured properly on
every single case through an adequate two-
phase flow model. The mixing is a consequence
of this process. For the former, it is essential to
possess a 3D CAD representation of the actual
impeller blades, whereas in both cases it is im-
portant to use accurate fluid properties.

Non-Newtonian Flows
Non-Newtonian fluids are usually found in some

igure 8. éfreamlines across
with rotating reference frames

Figure 9. Central injection gas based mixing. Gas
volume fraction iso-surface and streamlines

coloured by velocity magnitude
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Figure 10. In-line UV reactor with lamps placed
perpendicularly to the fluid flow. The intensity of
the germicidal irradiation is computed throughout
the domain and its eventual absorption monitored
through particles released in the flow

of the wastewater treatment plant components
due to the high concentration of suspended
matter in the water which alters the physical
properties of the fluid. From a CFD point of view,
this variation in rheological properties can be
properly accommodated. However, the actual
rheological properties are usually highly uncer-
tain. To overcome this uncertainty, it is possible
to perform sensitivity studies whereby rheologi-
cal key properties are varied with a view to as-
sess the impact of their variation.

Chemical and Biological Processes
Some processes where chemical reactions oc-
cur can be tackled based simply on the charac-
terization of their residence time. In other cases,
the reaction’s locus and rates matter and must
be studied via direct modelling like in Nitrifica-
tion-Denitrification processes. However, some of
these processes have a biological basis, which
should be accounted for — at a cost — depend-
ing on whether the process will be studied di-
rectly, i.e., with local reaction rates, or indirectly,
through residence time. The development of
highly integrated, 3D simulation methodologies
is still an ongoing job in such cases.

Physical Processes

The range of physical processes present in a
water or wastewater plant is very broad. CFD
can tackle most of them, either physical (e.g.,
UV disinfection, see Figure 10, where the total
amount of germicidal radiation to which a
pathogen is exposed can be estimated) or
chemical (Ho et al, 2011). Operational concerns
in wastewater treatment plants also matter, since
transient effects (for example while opening or
closing valves but not necessarily leading to wa-
ter-hammer effects) are as relevant for the con-
trol and command part of things as they are for
the process itself. CFD in such cases may pro-
vide a viable alternative to model testing or pro-
vide better estimates to sustain procurement of
specific models of process equipment (e.g.,
back pressure regulators).
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Other topics of interest to the design and opera-
tion of water and wastewater treatment plants
that can be studied using CFD models include
ventilation and odour control, sludge after-treat-
ment — including drying and, eventually, incinera-
tion — erosion, biogas separation and condition-
ing or condensing two-phase flows can all be
tackled, benefitting from the track record gath-
ered by CFD in other engineering fields. l
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