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ABSTRACT

The performance of ponds, wetlands, storage tanks and sedimentation tanks is
dependent on the flow conditions. The increase in more efficient and sustainable
treatment processes to protect receiving waters from metals and nutrients demands
better design and understanding of what happens in these structures. The tradition in
sanitary engineering is to use simplified methods and rules of thumb to construct
wetlands and ponds. One-dimensional simulations give sufficient accuracy for pipe
flow, but in more complex structures the flow pattern becomes more three-dimensional.
The rapid increase in computer capacity and more user-friendly, commercially available
numerical simulation tools make it possible to simulate the flow in two and three
dimensions, which was not possible 15 years ago. The aim of this thesis is to study the
applicability and possibilities of using Computational Fluid Dynamics (CFD) in sanitary
engineering, with special attention to three-dimensional simulations of detention tanks.

Two studies have been carried out to study the applicability of CFD simulations as a
design tool in sanitary engineering. The first study deals with the flow pattern in a
detention tank and the second with sedimentation in a storage tank. In the first study the
flow pattern and residence time in a large-scale model (12.9 x 8.9 x 1 m) of a detention
tank are studied. The flow pattern is measured using drogue tracking and a motion
analysis system. The residence time is measured be instantaneous tracer injection. The
measurements are compared with both two-dimensional depth-integrated and three-
dimensional computer simulations. The agreement is good between measurements and
simulated flow pattern and residence time distribution curves for high inflow velocities.
For the lowest flow rate it was difficult both to measure and to simulate the flow
pattern.

The behaviour of particles at boundaries is difficult to model. In the second study a
boundary condition for particles based on the bed shear stress on the tank bottom is
studied. Both the sedimentation efficiency and the spatial distribution of the sediment
are studied. The simulations using particle tracking are compared with measurements
from a small-scale model (2 x 0.97 x 0.196 m) of a storage tank. The results from the
new modelling approach are promising especially for high flow velocities.

The thesis also includes a literature review where CFD simulations in various sanitary
engineering problems are presented.

The project shows the possibilities and potential but also the limitations of using
numerical simulations in two (depth-integrated) and three dimensions in sanitary
engineering. However, the turbulence modelling for low flow velocities and more
comparative studies between two-dimensional depth-integrated and three-dimensional
simulations and measurements are areas where further research is of interest.

Keywords: CFD, numerical simulation, sanitary engineering, detention tank, flow
pattern, tracer study, sedimentation, bed shear stress, storage tank.



SAMMANFATTNING

Hur vil dammar, vatmarker, utjdmningsmagasin och sedimenteringstankar fungerar 4r
bland annat beroende av flodesforhdllandena. For att skydda vara vattendrag fran
metaller och néringsdmnen stills dkande krav pa effektivare rening och héllbarare
reningsmetoder for dag- och spillvatten. Detta innebir krav pa bittre utformning och till
foljd av detta krévs bittre forstéelse och kunskap om vad som hénder i denna typ av
anldggningar. Traditionellt inom VA-tekniken anvinds forenklade metoder och
tumregler vid utformningen av vétmarker och dammar. Endimensionella berdkningar
ger tillricklig noggrannhet for t. ex. fléden i ror, men i mer komplexa strukturer blir
flddesménstret mer och mer tredimensionellt. Den snabba utvecklingen vad giller
datorkapacitet och anvindarvénliga programvaror gér det numera mojligt att simulera
fléde i bade tvé och tre dimensioner, vilket inte var mojligt for 15 ar sedan. Syftet med
den hir studien ér att studera tillimpbarheten och m&jligheterna med datorsimulering av
strdmning (computational fluid dynamics) inom VA-tekniken, med fokus pé
tredimensionella simuleringar i utjimningsmagasin.

Tva studier har utforts for att studera tillimpbarheten av datorsimuleringar som ett
verktyg for utformning och konstruktion inom VA-tekniken. I den férsta studien
studerades flodesmonstret i ett avsdttningsmagasin och i den andra studien
sedimentering i ett utjdmningsmagasin. I den forsta studien studerades uppehallstid och
flodesmonster i en storskalemodell (12.9 x 8.9 x 1 m) av ett avsittningsmagasin.
Flodesménstret mittes med stromkors och analyserades med ett rorelsemétningssystem.
Aven spardmnesforsok utfordes. Mitningarna jémfordes med bade tvadimensionella
djupintegrerade och tredimensionella simuleringar. Overensstimmelsen mellan mitta
och simulerade flodesmonster och uppehallstider 4r god for hoga fléden. For det ldgsta
flodet var det svért bade att géra métningar och simuleringar.

Partiklars beteende nira viggar &r svart att modellera. I den andra studien har ett
randvillkor for partiklar baserat p& skjuvspénnningen vid magasinsbotten studerats.
Béde avskiljning och utbredning av sediment pa botten studerades. Simuleringar som
utfordes med en partikelsparningsmetod har jamforts med métningar i en skalmodell 2
X 0.97 x 0.196 m) av ett utjsmningsmagasin. Det nya randvillkoret ger lovande resultat,
speciellt nir det géller hoga flodeshastigheter.

Uppsatsen innehdller ocksd en litteratursammanstillning av tva- och tredimensionella
simuleringar av olika VA-tekniska problem.

Studien visar pd méjligheterna och fordelarna men ocksd begrinsningarna med bade
tvadimensionella djupintegrerade och tredimensionella simuleringar inom VA-tekniken.
Omrdden ddr vidare forskning bér ske &r frimst inom turbulensmodellering for
strémning som bestdr av regioner med bade l4ga och higa hastigheter. Vidare behévs
fler jamférande studier av tvddimensionella djupintegrerade och tredimensionella
simuleringar for att studera tillimpbarheten av tvadimensionella djupintegrerade
modeller.
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1. Background

1. BACKGROUND

The interest in environmental problems has increased in recent years. People have
become more concerned about the increased impact of pollutants, for instance on our
lakes and seas and in the ground. The population on Earth is increasing. There are now
over six billion people, and the reservoirs of clean water are limited in many areas. We
have to economise on water, and there is a tendency towards short circulation of water
and more efficient and sustainable treatment. Detention ponds and wetlands are
examples of structures that are more and more used in the ambition to achieve a
sustainable sewer system and improved treatment of sewage and stormwater to protect
receiving waters from metals and nutrients.

The goal of more efficient and sustainable treatment processes demands better design
and understanding of what happens, for example, in a detention pond or a settling tank
at the wastewater treatment plant. In such structures the flow pattern plays a major role.
The tradition in sanitary engineering is to use simplified methods and rules of thumb to
construct wetlands and ponds. One-dimensional simulations are sufficiently accurate for
pipe flow, but in more complex structures the flow pattern becomes more three-
dimensional. Rodi (1995) comments on one-dimensional calculations: ‘these formulae
can describe only the simplest phenomena of interest and are not suitable for complex
geometries’. The rapid increase in computer capacity and more user-friendly,
commercially available numerical simulation tools make it possible to simulate the flow
in two and three dimensions, which was not possible 15 years ago.

1.1 Aim and contents of the study

The aim’ of the study is to highlight the use, the benefit, the applicability and the
possibilities of Computational Fluid Dynamics (CFD) in sanitary engineering with
special focus on detention tanks. Shilton e al. (1999) write: “We need only to look at
other industries to see how CFD can be used reliably for complex design. It is a
powerful tool, whose potential has been practically untapped by the water industry. As
awareness of this grows there can be little doubt that we shall be seeing much more of
CFD in the future.” The aim is also to compare CFD simulations in three dimensions (3-
D) with measurements to find limitations in the modelling approach. The purpose is not
to develop guidelines on how different sanitary structures should be designed.

This thesis consists of three appended papers and an introductory part divided into four
chapters. Chapter 1 gives some background to the study. Chapter 2 includes a brief
literature review of computational fluid dynamics applications in sanitary engineering.
The literature review starts with an introduction (Section 2.1) and a brief presentation of
the theory and some numerical codes (Section 2.2). In Section 2.3 the literature treated
is presented. The literature is divided according to application into ponds, storage tanks,
reservoirs, Combined Sewer Overflow (CSO) structures and miscellaneous applications.
In Chapter 3 the appended papers are briefly presented. The introductory part ends with
conclusions, discussion and some suggestions for further work in Chapter 4.

To investigate the possibilities, potentials and limitations of the use of CFD in sanitary
engineering more studies must be performed. Two different studies have been carried
out in this thesis. The contents of these studies are presented in the appended papers.
The principal aim of both the studies is to study the applicability of CFD in sanitary
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engineering. The first study is a comparison between measurements in a large-scale
model of a detention tank and 3-D numerical simulations (Paper I). The second study
focuses on the modelling of sedimentation in storage tanks and involves simulation of
particle deposition. The emphasis of the second study is on the boundary condition on
the bottom of the storage tank (Paper IIT). The measurements in the large-scale model
and the 3-D simulations (Paper I) have also been compared with 2.5-D (depth-
integrated) simulations. The results from this comparison are presented in Paper II. This
paper was not written by the author alone. The author has written the sections 'Test
basin and measuring program' and '3-D simulations', as well as taking part in the writing
of Discussion’ and 'Conclusions'.
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2. COMPUTATIONAL FLUID DYNAMICS APPLICATIONS IN
SANITARY ENGINEERING — A LITERATURE REVIEW

2.1 Introduction

The basis of all water treatment, irrespective of whether it is sedimentation of flocs in a
settling basin at a wastewater treatment plant, an oil separator or a detention pond for
stormwater, is to understand the hydraulics. How is it possible to achieve a better
comprehension of the hydraulics? One way involves studies of full-scale models or
scale models; another is to use computers to simulate the flow. Due to the increase in
powerful computers and more user-friendly commercial codes it is now possible to
solve complex fluid flow problems. The space industry was one of the early users of
Computational Fluid Dynamics (CFD) models. However, CFD is now more widespread
and also used in other areas. One step in the development towards a more sustainable
sewer system is to study how such models can be adapted as an engineering tool for
hydraulic problems.

This literature review is a summary of some of the literature where CFD has been
applied to sanitary engineering problems. The following questions can be seen as a basis
for the literature review. Is CFD a design tool in sanitary engineering? What has been
done? How does it work? What are the limitations? The review makes no claim to be
complete, but is believed to give an overview of the possibilities of using CFD
simulations in sanitary engineering. Different types of problems and the way CFD can
be utilised to study and in some cases solve these problems are presented. The literature
review can be seen as a smorgasbord of diverse problems in sanitary engineering where
rules of thumb and one-dimensional (1-D) models are not enough to give satisfactory
results. Only literature in English and Swedish has been covered.

2.2 A brief overview of computational fluid dynamics
2.2.1 CFD background

Computational fluid dynamics is the science of using computers to solve the fluid flow
equations. Versteeg and Malalasekera (1995) define CFD as ‘the analysis of systems
involving fluid flow, heat transfer and associated phenomena such as chemical reactions
by means of computer-based simulation’. Another definition by Olsen (1997) is ‘CFD is
the science about calculation of fluid flow and related variables using a computer’. The
aerospace industry started to use CFD as a design tool in the 1960s. In the 1980s the
solution of fluid flow problems was something for researchers and specialists. During
the last few years there has been an enormous increase in computer capacity and
availability of workstations as well as the development of more user-friendly CFD
codes, which nowadays enable the use of CFD by engineers for research and design
tasks. However, the user of the code still needs fluid-dynamics and numerical skill.

Almost everything around us involves fluid flow or depends in one way or another on
fluid flow: the air we breathe, the blood flow in our body, the water flow in the seas,
rivers or in the bathtub, the weather, aerodynamics of aircraft and cars, turbomachinery,
distribution of pollutants and effluents. The list could be made very long. Consequently
there are several different areas where the use of CFD is applicable. The use of CFD as
a design tool in sanitary engineering is fairly new. The earliest references represented in
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this literature review are from the late 1980s. However, the technique was at that time
mostly used as a research tool. Shilton er al. (1999) write: ‘In many industries CFD has
become an essential design tool, but to date its use in the water industry has been
noticeably lacking.” They continue: ‘The water industry may currently consider that
CFD gives a technical overkill compared with the more traditional empirical “black
box” techniques with which we are familiar. However, in many cases CFD can actually
offer the more appropriate technology for problems we are trying to solve. The reason
that CFD might seem too technically complex is perhaps because we perceive the water
industry as too “low tech”.” They conclude that: ‘CFD is a powerful tool, whose
potential has been practically untapped by the water industry. As awareness of this
grows, there can be little doubt that we shall be seeing much more of CFD in the
future.’

2.2.2 Basic theory, turbulence models and sedimentation modelling
This chapter gives an overview of the basic theory and turbulence models in CFD.

Equation of motion

The governing principles of fluid flow are that the mass of fluid is conserved (continuity
equation), that the rate of change of momentum equals the sum of the forces acting on a
fluid particle (Newton’s second law) and that the total energy is conserved. These
fundamental principles can be expressed by a set of partial differential equations, the
continuity equation and the Navier-Stokes equations (Rodi, 1984). The Navier-Stokes
equations were discovered independently by the French engineer Claude Navier (1785-
1836) and the Irish mathematician George Stokes (1819-1903).

Turbulence modelling

Most flows of practical interest are turbulent. Turbulence in hydraulics is important
because it contributes to the transport of momentum, heat and mass, and therefore
influences the velocity, temperature and concentration in the water (Rodi, 1995). In
lakes and reservoirs, wind shear and solar radiation are important factors. The wind
shear generates turbulence, while solar radiation causes a stable stratification that
inhibits the turbulent mixing between the surface layer and the lower layers. Another
area in hydraulics, where turbulence is important, is in sedimentation tanks. Rodi (1995)
writes: ‘The sedimentation efficiency depends strongly on the flow developing in the
tank, which is often far from the assumed plug flow, and on the turbulence which
counteracts the settling processes.’

‘Turbulence models consist of sets of differential equations, and associated algebraic
equations and constants, the solutions of which, in conjunction with those of the Navier-
Stokes equations, closely simulate the behaviour of the real turbulent fluids. A good
turbulence model has extensive universality, and is not too complex to develop or use’
(Launder and Spalding, 1974). The complexity of turbulence has, until very recently,
made it impossible to solve these equations. Due to advances in computer capacity it is
now possible, for low Reynolds numbers, to use Direct Numerical Simulations (DNS)
to solve the Navier-Stokes equations exactly. However, the most common alternative is
to consider the pattern of the mean turbulent motions. This means that all solution
variables in the original Navier-Stokes equations are decomposed into a mean and a
fluctuating part. This approach gives the time-averaged continuity equations and the
time-averaged Navier-Stokes equations, also called Reynolds time-Averaged Navier-
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Stokes (RANS) equations and Reynolds equations. By doing this, a new term in the
time-averaged Navier-Stokes equations is created, namely the Reynolds stress tensor,
which represents the turbulence. This term needs to be modelled in order to close the
equations. Up until today, this approach has been the most common in sanitary
engineering. Rodi (1995) writes about turbulence modelling in hydraulics: ‘for practical
calculations, the Reynolds-average-modelling approach is presently the most advanced
and most suitable.’

There are several turbulence models. Versteeg and Malalasekera (1995) divide the
models into two main groups: classical models and Large Eddy Simulations (LES). The
classical models can further be divided into the following groups, depending on level of
approximation (Versteeg and Malalasekera, 1995): zero-equation models, two-equation
models, Reynolds Stress Models (RSM) and Algebraic Stress Models (ASM). Also one-
equation models belong to this group. The classical models are based on the time-
averaged Navier-Stokes equations. The first two models (zero-equation models and two-
equation models) are also based on the assumption made by Boussinesq that the
Reynolds stresses are linked to the velocity gradients via a turbulent viscosity equation.
In the zero-equation models and two-equation models an expression for the turbulent
viscosity is needed.

By using dimensional analysis it is possible to express the kinematic turbulent viscosity
as a product of a turbulent velocity and a length scale. In zero- equation models, the
velocity gradient is used as a velocity scale, and some physical length is used as the
length scale. The most common zero-equation model is called the Prandtl’s mixing-
length model. The advantages of this model are that it is easy to implement and cheap in
terms of computing resources. One of the disadvantages is its incapability of describing
flow separation and flow with recirculation (Versteeg and Malalasekera, 1995).

The standard two-equation k-¢ turbulence model has two model equations: one for &,
kinetic energy, and one for &, eddy dissipation. The turbulent viscosity for the k-& model
is formulated as a coefficient times the ratio of the squared kinetic energy divided by the
eddy dissipation. Versteeg and Malalasekera (1995) summarise some of the advantages
and disadvantages of the k-& model. The advantages are that it is the most widely used
and validated turbulence model, is simple and performs excellently for many industrial
flows. The disadvantages are that the model is more expensive than the mixing-length
model and that it performs poorly for e.g. unconfined flows, swirling flows and rotating
flows.

Almost all practical calculations in hydraulics use eddy-viscosity models. The mixing-
length models and the k-£ model, described above, are the most widely used turbulence
models in sanitary engineering. However, some other models have also been used, for
example, constant eddy viscosity models, the RSM model and the Renormalization
Group (RNG) k-¢ turbulence model. The RNG £-& model accounts for low-Reynolds-
number effects. Examples of flows where the RNG model is applicable are separated
flows, recirculating flows and low-Reynolds-number flows, e.g. where the flow is
turbulent in regions with limited extent and otherwise laminar (Fluent, 1997). The
Reynolds Stress Model (RSM) is the most complex classical turbulence model. In RSM
the Boussinesq assumption is not used. Instead a partial differential equation for the
stress tensor is derived from the Navier-Stokes equation. Davidson (1997) discusses
eddy viscosity models versus Reynolds Stress Models, writing: ‘Whenever non-
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isotropic effects are important we should consider using RSMs. Examples where non-
isotropic effects often are important are flows with strong curvature, swirling flows,
flows with strong acceleration/retardation.” The main disadvantages of the RSM model
are its large computing cost, complexity and numerical instability.

In Section 2.3.6 some opinions from the authors of the different papers, as regards
turbulence modelling, are presented. The other turbulence models named above, the
Algebraic Stress Models (ASM) and Large Eddy Simulations (LES), have not yet been
used to a wide extent in sanitary engineering and are therefore not discussed any further
here.

Sedimentation modelling

Sedimentation is important in sanitary engineering. Almost all flow involves solid
transport in one way or another. For storage tanks it is important to prevent settling of
particles; for sedimentation tanks at wastewater treatment plants and CSO structures it is
the opposite. Here the main goal is to achieve a flow that enables settling. Modelling of
multiphase flow is therefore an important task in sanitary engineering problems.

In CFD there are mainly two different approaches to calculating multiphase flow: the
Eulerian and the Lagrangian approaches. In Eulerian models all phases are calculated as
continua using Navier-Stokes equations. The Lagrangian models compute momentum,
heat and mass transfer between particles and the continuous phase, and stochastic
models account for turbulent particle dispersion effects, while the carrier phase is
calculated as continua by the Eulerian approach. There are many other numerical
approaches used for sediment transport, settling and erosion. However, such models are
not discussed here. Some of the papers using different approaches for sedimentation
modelling are discussed in Section 2.3.6.

2.2.3 CFD codes

There are mainly three numerical solution techniques to solve the governing equations:
the Finite Difference Method (FDM), the Finite Element Method (FEM) and the
spectral method (Versteeg and Malalasekera, 1995). The main difference between the
models is in which way the different flow variables are approximated. Most CFD codes
are based on the Finite Volume Method (FVM). This method was originally developed
from the finite difference method.

There are several different commercially available codes to simulate flow, ranging from
1-D models for closed conduits or open channel flow to 3-D models with advanced
turbulence modelling. Mouse and HydroWorks for sewage water and Licwater for
potable water are examples of models especially used in hydraulics for 1-D modelling
of pipe flow. Most of these models have been refined and can now offer simulations in
both 2-D, 2.5-D (depth-integrated) and 3-D. SSIIM is a freeware code used for
hydraulic/river/sedimentation engineering. TELEMAC, Mike3D, AquaDyn and
Delft3D are other codes mainly used for rivers, lakes, reservoirs and coastal and ocean
waters. Examples of CFD codes applicable in a wide range of fluid flow problems, often
with several options concerning turbulence models, are: CFX, FLUENT, PHOENICS,
Star-CD and FLOW-3D. These codes are all finite volume programs. An example of a



2. Computational fluid dynamics applications in sanitary engineering — a literature review

finite element program is FIDAP. More information about the codes can be found on
the Internet.

2.3 Applications in sanitary engineering

To simulate flow with computers is not new. Computer models in 1-D have been used
by engineers since the late 1970s. The 1-D models are sufficiently accurate as long as
the flow is one-dimensional like that in pipes but as soon as the flow pattern is
dominated by flow in more than one direction, such models are too simple. Examples of
structures where the flow pattern is no longer one-dimensional are ponds, sedimentation
tanks, reservoirs and oil separators. These are also the types of structures that are
presented in most papers discussed in this section.

The literature review is primarily focused on simulations performed by commercially
available software. The emphasis is put on the way the author of the paper has
approached the hydraulic problem, for instance in setting up the problem, selecting
boundary conditions and turbulence model, and validating the simulations. A
compilation of the literature studied is given in the Appendix.

2.3.1 Ponds

Ponds (sometimes called surface water wetlands) in this study are characterised by a
large water body with a complex geometry. The ponds may be constructed, real ponds
or small lakes. They are mainly used to remove suspended solids in stormwater or as the
last step in the treatment of sewage water, especially to reduce nitrogen, at wastewater
treatment plants. It is therefore important to achieve a flow that improves the
possibilities for settling as well as minimises the risk of erosion of already settled
material. The simulation of flow in ponds is complicated since the geometry is often
very complex and not well known and the boundary conditions are difficult to estimate.
In most ponds the bottom consists of clay or stone and in some cases concrete. The
sidewalls are often covered with grass and reed. The surface is a free boundary.

Persson (1999a) used a 2.5-D model to simulate a vegetated pond in a wetland system
consisting of three different ponds. The volume of the studied pond was 24 300 m’. The
depth varied between 2 and 0.5 m. Time-dependent simulations were performed with a
varying flow rate. The simulations were compared with tracer studies, comparing
simulated and measured Residence Time Distribution (RTD) curves. Persson
highlighted some difficulties with simulations and measurements in vegetated ponds.
The major difficulty with the simulations was the roughness of the boundaries. Persson
used the Mannings number to calibrate the numerical model from the measurements.
The roughness in the region with dense vegetation was set to n=2. In the other regions,
n was set to 0.1 and, where the water depth was over 1 m, to 0.03. The main conclusion
drawn is that it is possible to simulate the flow in a pond with a 2.5-D model, but
extensive measurements and experience are needed to verify and calibrate the model.

Benelmouffok and Yu (1989) developed a vertically averaged 2-D model (2.5-D model)
to simulate water movements and pollutant transport. With the developed model it was
also possible to simulate the level variations of the free surface. They used the model to
study pollutant removal performance of an urban stormwater detention pond. The
surface area of the pond was 6 800 m? and the average depth 2.3 m. The measurements
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in the pond included both the dissolved and particulate part of the pollutants. The
simulations were divided into two steps. The first step was to simulate the transport and
dispersion without deposition. The pollutants were assumed to follow the water pattern.
The agreement was good for NO3; and NHs and ortho-phosphate, which are known to be
present mainly in the dissolved phase. Large deviations between simulated and observed
values were noted for Total Suspended Solids (TSS), Total Phosphorus (TP) and Total
Kjeldahl Nitrogen (TKN). The second step is to simulate the particulate pollutants. In
this simulation the deposition term must be included in the transport equation. No
measurements of particle distribution were performed and, therefore, a 75-15-10 particle
size distribution was assumed. This corresponds to a material where 75% of the
particles are less than one micron, 15% have a size between 1 and 15 microns and 10%
have a size over 75 microns. The settling velocities were used to calibrate the model.
This method gave better agreement for the suspended particles.

Pettersson ef al. (1998) performed simulations and measurements of flow pattern in a
detention pond for stormwater. The detention pond has a surface area of 6 200 m>. The
pond depth varies between 0.5 to 1.6 m. The pond has a longish shape with a narrow
and shallow section in the middle. The free surface was modelled as a “rigid lid”. The
equivalent sand roughness on the bottom was set to 91 mm for macadam, 3.3 mm for
concrete and 2.5 mm for clay. The simulated flow patterns were compared with drogue
tracking measurements of the flow pattern. Simulations were performed in both 2-D and
3-D. A 2-D model implies that the water depth is infinite. The standard 4-¢ turbulence
model was used with standard wall functions. Conclusions drawn from the study are
that the flow pattern in the studied pond is similar for all inflow intensities. Pettersson et
al. (1998) also emphasise that it is important to pay attention to the topography of the
bottom. They showed that the 2-D model was not able to simulate the correct flow
pattern in the pond.

In all studies presented above the influence of wind on the surface has been neglected.
Shaw et al. (1997) presented a study where the effect of wind on the flow pattern was
examined. The pond is elliptic and is approximately 90 m long and 60 m wide. The
average depth is 1.2 m. Velocity measurements were performed and the average wind
speed and direction were recorded. The simulations were performed in three dimensions
and the turbulence was described by the k-¢ model. However, the simulations were
performed without including the wind stress. Shaw ef al. (1997) concluded that the flow
pattern in the pond was very complex, mainly due to the wind stress on the surface.
They found that “With relatively minimal wind stress, the velocity field in the pond is
determined by inflow momentum, shaped by pond bathymetry, and results in circulation
in the horizontal plane.” This was also the result obtained from the computer
simulations. The flow pattern described above also occurs during high flow events when
the effect of the wind is secondary.

Pettersson (1997) studied sedimentation in a stormwater pond with a surface area of 530
m>. He used particle tracking techniques to simulate the particle deposition. For the
simulations four different particle sizes were used: 1.5, 10, 20, 40 pm. The density of
the particles was 1300 kg/m®. The simulated results were compared with measured
values of the sedimentation efficiency in the pond. The agreement was good.
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2.3.2 Storage tanks

Storage tanks mostly have a more simple geometry than ponds, but this is not always an
advantage. A geometry where the flow is governed by the geometry is often easier to
simulate once the mesh has been built. The examples described below have, in many
respects, a simpler geometry and more well-defined boundary conditions.

Rectangular tanks

Waste stabilisation ponds are a popular way to treat wastewater from small towns and
many industries, especially the meat industry, in Australia. A survey showed that 74%
of the 39 municipal wastewater treatment pond systems had hydrodynamic problems.
Wood et al. (1995) used CFD to study the performance of such a pond. They simulated
different ways, for example baffles, to improve the function of the pond. The pond was
rectangular with a length of 100 m and a width of 50 m. The simulations were
performed for steady-state conditions in 2-D with a laminar flow regime. No-slip was
assumed on the walls. No validation was performed at this stage. However, a study to
compare simulations and experimental Residence Time Distribution (RTD) curves from
the literature was performed (Wood et al., 1998). The studied pond was a scale model
12.2 m long and 6.1 m wide. The simulations were performed in 2-D with the k-&
turbulence model. The inlet had the biggest impact on the flow pattern and CFD was
considered a possible tool to predict a priori the flow pattern with different inlet
arrangements. However, there were discrepancies between simulated and measured
RTD curves. The main reason for this was the difficulty of representing a 3-D inlet in a
2-D model. Wood et al. (1998) suggested that a 3-D model would correspond better to
the real situation.

Another type of rectangular tanks is on-line storage tanks for combined sewage water.
These tanks store the sewage water during heavy storms and are then more or less
emptied. It is important to avoid sedimentation in these structures since it decreases the
available storage volume and the sediment might also cause problems with odour.
Another problem is the cleaning of the storage tanks. A better-designed storage tank,
where sedimentation is minimised, decreases the maintenance cost for the tank. CFD
simulations of the 3-D flow pattern for steady flow in a model of a storage chamber
have been performed by Stovin and Saul (1996). The scale model was 2 m long and
0.972 m wide. The inlet and outlet were positioned opposite each other in the middle of
the short sides. Both velocity measurements and measurements of sediment deposition
and spatial distribution of sediment were performed in the model and compared with
CFD simulations. A stochastic particle tracking routine was used to simulate the
sediment deposition. A sensitivity test for different parameters in the particle tracking
routine was also performed (Stovin and Saul, 1998).

Ta (1999) simulated sedimentation in a storm tank at a wastewater treatment plant. The
tank was studied during filling, spilling and emptying. The time-dependent simulations
were performed in 3-D with the k-¢ turbulence model. The surface was simulated as a
moving boundary using the deforming mesh technique. Simulations of sediment
transport were also done. No validation with measurements is presented in the paper.

The flow in final settling tanks is complicated due to density stratification. The sludge
content in the incoming jet makes it dive to the bottom due to density effects. Krebs
(1991) performed a study where the aim was to reduce the velocities in the bottom jet.
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Both computer simulations and hydraulic model tests were performed. The simulations
were performed in 2-D and the turbulence was approximated by a constant viscosity.
The velocity and sludge concentration were uniform over the whole inlet. A flight
scraper was simulated as a given return velocity in the bottom cells. The conclusions
were that the simulations gave flow fields close to those described in the literature and
in the model test. Simulations were also performed with a cross-sectional wall. The
general effect of the wall is to stop the bottom current. The result with a cross-sectional
wall gave positive effects on the velocity and the sludge distribution.

Lyn et al (1992) present a similar study of sedimentation tanks. The numerical
simulations are performed with a vertical 2-D model using the k-& turbulence model.
The code is extended to include suspended solids with a settling velocity distribution,
the treatment of sediment-induced density currents and a simple flocculation model. The
simulations were compared with field measurements reported by Larsen (1997). The
simulated flow pattern was similar to the one described by Krebs (1991) with a bottom
current due to density effects.

Circular tanks

Circular sedimentation tanks are common at sewage treatment plants in the United
Kingdom. Quarini er al. (1996) studied a 1:20 model of a circular sedimentation tank.
Traditionally, sediment tanks are designed with a sufficient residence time to allow
separation. In this study 3-D CFD simulations were performed. The solution was found
not to be sensitive to mesh density. A standard k- turbulence model was used. There
were difficulties in obtaining converged solutions. The simulations were compared with
flow pattern measurements and dye studies. The flow pattern measurements were
performed with small glass balls and aluminium flakes. The trajectories of the particles
were recorded by photos and video. The dye studies indicated that the flow in the tank
was very strongly affected by short-circuiting. The measured and simulated flow
velocities agree reasonably well. However, some differences occurred in the surface
layer and in the central regions of the measured profiles. The measured flow velocities
in the surface layer were lower than the simulated ones. Quarini et al. (1996) explain
these discrepancies by two effects. The first is the difficulty of measuring the velocities
near the surface. The second concerns the zero shear boundary condition imposed at the
free surface. Quarini writes: ‘This boundary condition will not underpredict and is likely
to be a good representation of the true physics, provided there are no surface effects
present, such as scum accumulation or oil contamination.” The measured flow profile in
the mid-region shows a richer structure than the simulated profile. Quarini et al. (1996)
explain this problem: ‘It is well known that the k-& turbulence model is poor in the
region of low flow and inadequate where the mean velocity gradients go to zero, as
occurs in this region of the tank.’

Matako et al. (1996) present a similar study of the flow in secondary circular
sedimentation tanks. However, they performed measurements and simulations in both a
pilot-scale model (d=3.7 m) and a full-scale model (d=25.5 m). The tank was modelled
in 2-D with respect to water depth and tank radius. Simulations were performed with a
steady flow rate for the pilot-scale model and with variable and mean flow rates for the
full-scale model. Simulations were performed for a vertical and a horizontal inlet to
compare the obtained flow pattern. Also in this study the standard k-¢ turbulence model
was used. The free surface was modelled as a symmetry plane “rigid lid”. The
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simulations were compared with tracer tests. The most important finding in the paper is
the importance of modelling a variable flow rate if relevant.

2.3.3 Water reservoirs

Hult (1994) discusses problems that can occur in water reservoirs for potable water. One
of the points in the paper is the deficient hydraulic performance of reservoirs. This may
lead to zones with more or less stagnant water. It is important that the circulation of
water is good to avoid these stagnant or dead zones.

Glynn et al. (1997) performed CFD simulations for three different types of potable
water reservoirs, two rectangular and one circular. The RTD simulations were compared
with field data. The agreement for two of the models was good. The authors could only
explain the mismatch for the third model (rectangular) by the determination of field
data. Glynn et al. (1997) concluded that ‘The model predictions were not in general
greatly sensitive to modelling refinements or to fine geometrical detail. This observation
lends confidence to the use of CFD for reservoir studies in the future, since highly
refined models are unlikely to be necessary for obtaining useful analyses of reservoir
flows.’

Some studies have also been performed on raw water reservoirs of various shapes. Ta
and Brignal (1998) used CFD to study the residence time distribution in a raw water
reservoir. The reservoir is used for both storage and preliminary treatment of raw water.
The main problem was short-circuiting, which caused retention times much shorter than
the nominal detention time. Both flow pattern and tracer distribution were simulated. A
standard k-¢ turbulence model was used as well as simple boundary conditions. All
walls had a no-slip boundary condition except for the free surface where a slip wall
condition was applied. No consideration was given to the effect of density stratification
or impact of wind. To improve the flow conditions in the reservoir, different inlet and
outlet configurations were studied. No comparison with field data or laboratory data
was performed.

Ali and Othman (1997) also performed 2.5-D simulations of different types of scale
models of water-supply reservoirs and with different inlet and outlet arrangements. The
simulations were compared with velocity measurements and tracer studies in scale
models of reservoirs. Another way to improve the water quality and reduce the effects
of temperature stratification and dead zones is to use artificial mixing. Cox ef al. (1998)
used CFD to compare two different mixing devices in order to improve the performance
of a water reservoir. The objectives were to reduce stratification, improve oxygenation
of the water, and hence minimise the solution of manganese from the sediment. The
bubble mixer provided best top-to-bottom mixing and was installed in the reservoir.

2.3.4 CSO structures

Combined Sewer Overflow (CSO) structures have two main purposes. One is to control
the through flow to the downstream sewer. The other purpose is to retain the pollutants
in the sewer system. The excess storm flow is spilled to a receiving watercourse.
Several CFD simulations have been performed to study these structures. Saul and
Svejkovsky (1994) studied a vortex chamber with a spherical spill weir. Harwood and
Saul (1996) studied a geometry similar to a Stormking separator. Tyack and Fenner
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(1998) simulated the flow in a hydrodynamic separator. The flow in these types of
structures is in general more swirling than in ponds and tanks. The initial simulations
were performed with the standard - model to get a converged solution. After that, the
RNG #-£ model was used since this model gives better accuracy for swirling flows. The
simulated flow velocities were compared with measured velocities.

Another type of CSO structure is rectangular overflow chambers. Three-dimensional
simulations and particle tracking have been performed by Harwood and Saul (1999) and
Stovin ef al. (1999). Stovin ef al. (1999) simulated the gross solids separation and flow
field. The simulations were compared with field measurements in a full-scale model.
Reuber et al. (1998) studied similar constructions, namely combined sewer detention
tanks. In their study a scale model consisting of a pipe with an inner diameter of 0.441
m and a length of 9.3 m was used. The inlet pipe had a diameter of 0.15 m and there
were two outlets: one circular overflow with a diameter of 0.15 m and a throttle pipe of
0.06 m diameter. Flow simulations in 3-D were performed and compared with velocity
measurements. The flow simulations were performed with a finite element code,
RISMO (River Simulation Model). The turbulence was modelled with a k-& model
modified for flows with low Reynolds numbers. Kluck (1996) simulated filling and
particle distribution in a stormwater settling tank for CSOs in 2-D.

2.3.5 Miscellaneous applications

Other examples of structures where CFD has been used to model the flow to understand
the hydraulics better, and in some cases to improve the design, are horizontal primary
oil/water separators (Wilkinson and Waldie, 1994), sandtraps (Olsen and Skoglund,
1994) and manholes (Azstély and Lyngfelt, 1994). Hamille and Rowe (1996) present a
study where CFD has been used to simulate the flow in a pump sump, a Francis turbine
and a turbo-pump.

2.3.6 Summary

Turbulence modelling

The most widely used turbulence model is, as described before, the standard k- model.
However, there are some limitations in the applicability of this model. It is known that
the k-e model is not good for low flow velocities (Quarini ef al., 1996). The k-¢ model
assumes that the turbulent viscosity is equal in all directions. Measurements and
simulations in a sandtrap showed deviations in the length of the recirculation zone. The
problems were assumed to be caused by the turbulence model (Olsen and Skoglund,
1994). For swirling flows with high curvature the RNG k-¢ model is a better choice
(Tyack and Fenner, 1998). Tyack and Fenner used the RNG k-¢ model to simulate the
flow in a hydrodynamic separator. Harwood and Saul (1996) used the Reynolds Stress
Model (RSM) since it was considered to be more applicable to the swirling flow regime
found in dynamic separators. Another reason is its possibility of modelling the
anisotropy of the turbulent viscosity, which occurs in swirling flow.

Boundary conditions

The choice of boundary conditions is difficult especially for ponds where the boundaries
are not well defined. Persson (1999a) addressed the problem of estimating the boundary
conditions for real ponds, especially vegetated ponds. Most studies simulate the free
water surface as a “rigid lid”, which means that links with all velocity components
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normal to the surface are cut and the surface is shear-free. This implies that waves and
other unsteady surface motions are not permitted. However, some attempts have been
made to use a free boundary (Ta, 1999; Benelmouffok and Yu, 1989). Rodi (1995)
suggests an alternative to using a symmetry plane at the free surface by using a
boundary condition on the dissipation rate ¢. Wind stress on the free surface in ponds
and reservoirs is another factor that may affect the flow pattern and mixing. Both Shaw

et al. (1997) and Matako et al. (1996) mention this problem. However, none of the
studies account for the effect of wind in the simulations.

1-D, 2-D, 2.5-D and 3-D modelling

One of the objectives in this thesis is to present problems in sanitary engineering where
1-D models are not sufficiently accurate to resolve the flow pattern. However, are 2-D
models enough or are 2.5-D or even 3-D models required? Several authors bring up this
question. Pettersson e/ al. (1998) emphasise that it is important to consider the
topography of the bottom. They showed that the 2-D model was not able to simulate the
correct flow pattern in the pond. Wood er al. (1998) draw the same conclusion. A 2.5-D
(depth-integrated) model implies that a logarithmic velocity profile is assumed. This
means that the fluid is affected by the bottom, which is not the case with a 2-D
simulation. Several studies are presented where reasonable agreement between field
measurements and simulations in 2.5-D is obtained (Persson, 1999a; Ali and Othman,
1997; Benelmouffok and Yu, 1989). Wilkinson and Waldie (1994) studied horizontal
primary oil/water separators. Measurements in a 2-D model were compared with 2-D
simulations, and simulations in 3-D were compared with measurements in a 3-D model.
They found that the CFD results were in reasonable agreement with the velocity
measurement in a small 2-D rectangular model separator, but that there were substantial
differences between measured flow patterns and CFD prediction in a larger three-
dimensional cylindrical separator. They assumed that the main reason for the
discrepancies was caused by limitations in the CFD model. An improved CFD model
with more and smaller computational cells would probably give a better result.

Ekarna et al. (1997) write about the theory, modelling, design and operation of
secondary settling tanks. They conclude that the flow pattern in full-scale settling tanks
is very complex. They write: ‘Although some success has been achieved through 1-D or
2-D models, several field conditions cannot be adequately represented by 1-D or 2-D
models. Circular tanks generally exhibit axisymmetric flow and can therefore be
adequately modelled by 2-D models with the exception of the local field around the
removal system. Rectangular and square tanks are prone to more complex flow and
might require 3-D models.” Rodi (1995) writes: ‘As three-dimensional calculations are
still too expensive for many practical situations, such depth average calculations are
often used, in practice, whenever the water body is relatively shallow, i.e. its horizontal
dimensions are much larger than its vertical extent, and when buoyancy effects are
weak.

Krebs (1995) presents another study discussing different modelling approaches for final
or secondary clarifiers. One of the conclusions was that design improvements, for
example inlet and outlet design, require 2-D or even 3-D modelling. Krebs (1995) also
writes: ‘For investigation of structure details, supporting experiments are still essential.’
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Sedimentation modelling

The sediment deposit in storage tanks and ponds is complex and depends on many
factors. As described previously, the simulation of sediment transport in CFD is mainly
done by two approaches; the Eulerian and the Lagrangian. Sediment transport is
generally divided into bedload and suspended load. Olsen and Skoglund (1994)
simulated bedload and suspended load to study the sediment flow in a sandtrap. Ta
(1999) used the chemical species transport model to simulate the dissolved solids; the
suspended particles were simulated with a dispersed phase model. To simulate the
sedimentation, the particles were injected at the inlet, and to simulate the resuspension
the particles were injected at the bottom using a saltate boundary condition. A similar
approach using two different models for suspended and dissolved pollutants was used
by Benelmouffok and Yu (1989).

Most simulations of particle sedimentation are concentrated on the suspended load and
use the Lagrangian approach. Most simulations also separate the two phases and neglect
the interaction between the second phase (the dispersed phase) and the fluid phase.
Another simplification that is often assumed is that the particles are spherical and do not
interact with each other (Pettersson, 1997; Stovin and Saul, 1996; Saul and Svejkovsky,
1994; German and Kant, 1998). De Cock e al. (1998) implemented a model for floc
growth and breakup in the numerical code to study how coagulants improved the
settling efficiency in storage sedimentation tanks. The particle trajectories may be
calculated for the mean flow, neglecting that the turbulence affects the particle
(Pettersson, 1997; German and Kant, 1998). In stochastic particle tracking the influence
of turbulence on the particle is included (Stovin and Saul, 1996; Saul and Svejkovsky,
1994). At the inlet boundary the particle size, distribution and density must be set.
Another difficulty is to model the boundary condition for the particle at the bottom. The
simplest boundary condition is that the particle trajectories are terminated once they
reach the bottom (Pettersson, 1997; German and Kant, 1998). It is also possible to allow
the particles to be reflected back into the flow (Stovin and Saul, 1996).

Design

One of the main advantages with CFD is the possibility to investigate the influence of
different inlet and outlet arrangements, different shapes and baffles on the flow pattern.
Persson (1999b) performed simulations with a 2.5-D model to investigate how different
inlet and outlet positions affected the flow in a tank. The tank models all had the same
surface area. Tracer simulations were performed and the parameters studied were short-
circuiting, effective volume and hydraulic efficiency. No comparison was performed
with real tanks. Van Buren er al. (1996) briefly discussed how baffles can be used to
extend the mean residence time in a stormwater pond. The design and location of the
baffle were based on computer simulations. Another study, where simulations with
different baffle arrangements, have been performed is the study by Wood et al. (1995).
The baffle was used to better utilise the pond volume and decrease short-circuiting.
German and Kant (1998) simulated how the flow pattern in a stormwater pond changed
when small islands were placed in front of the inlet pipe. The purpose of the islands was
to reduce the energy and the turbulence in the water to obtain a better flow regime for
particle settling. Another example is the study by Ali and Othman (1997). They studied
different inlet and outlet arrangements and various shapes of water-supply reservoirs.
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3. SUMMARY OF PAPERS

3.1 Paper I: Flow Pattern in a Rectangular Detention Tank — Three-Dimensional
Simulation and Measurement

The scope of paper I was to study the applicability of 3-D simulations as an engineering
tool in detention tank design. This was done by simulating the flow pattern and tracer
concentration in a large-scale model of a detention tank. The simulations were
compared with measurements in a large-scale model.

The test tank is rectangular, 12.9 x 8.9 m. The inlet and outlet are positioned opposite
each other in the middle of the short sides. The water depth in the tank is 1.0 m. Three
different flow rates, 2, 8 and 20 /s, were selected to study the performance of the tank
during different flow conditions. This corresponds to an inflow velocity of 0.48, 0.19
and 0.048 m/s. The flow pattern was measured by drogue tracking. The drogues
consisted of a floater, a thin string and a stream cross. The flow pattern was measured at
three different depth levels, 0.85, 0.5 and 0.15 m, below the surface. The movements of
the drogues were recorded by a motion analysis system using two video cameras. Tracer
studies were also performed. Rhodamine was used as the tracer and added
instantaneously upstream of the inlet. The Rhodamine concentration was measured
continuously at the outlet by a fluorometer

The simulations were performed with the finite volume code FLUENT. The turbulence
was modelled with the standard k-¢ model. Simple boundary conditions were used. The
free surface was modelled as a symmetry plane and the walls and bottom had imposed
no-slip conditions. The computational mesh was a rectangular box with 144 000 cells.
The computer simulations were divided into two steps. First a stationary flow
simulation to obtain the flow pattern was performed, and secondly a transient simulation
solving the advection-diffusion equations for the tracer transport. The tracer was
injected as a pulse at the inlet.

The comparison between measurements and simulations showed similar flow patterns
for the two higher discharges. The flow pattern consisted of a jet with two big whirls,
one on each side of the jet. However, for the low flow rate 2 V/s, the measured and
simulated flow patterns were different. The simulated flow pattern was similar to the
simulated flow pattern for the two higher discharges. The measured flow pattern had no
clear jet and no recirculation flow on the sides.

The simulated and measured Residence Time Distribution (RTD) curves showed the
same thing. The agreement for the two higher discharges was good, but for 2 I/s there
were discrepancies. For 20 and 8 /s the measured and simulated RTD curves consisted
of a fast and high peak and a long tail with low concentrations. This indicates a tank
with strong short-circuiting and dead regions having little exchange with the rest of the
water volume. The RTD curves also showed a second peak. This is explained by the
recirculation in the tank. For the measured RTD for 20 I/s, the second peak was smeared
out due to turbulence and strong mixing. The measured RTD curve for 2 I/s had a more
widely spread shape.

The variation of the flow pattern in the measurements is interesting and some
suggestions of what might cause the variation are presented in the paper. Assuming that
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the measured flow pattern is right, this implies that the CFD simulation did not
reproduce the measured flow pattern. One reason for this might be that the k&
turbulence model is not suitable for this problem. The k-¢ turbulence model is a high-
Reynolds-number turbulence model. A better choice might have been the RNG k-¢
turbulence model. This model accounts for regions with low flow velocities, as
described in Section 2.2.2. On the other hand, there were some problems during the
measurements indicating that the measurements are not reliable. The incoming jet had a
lower temperature than the water in the tank and was diving towards the bottom. This
might have caused the change in flow pattern. The flow pattern is the reason why the
measured RTD curve for 2 I/s, is more widely spread and has no clear peak compared to
the simulated RTD curve. Another reason might be that the flow in the physical model
was not fully developed when the measurements started. Before the measurements
started, the flow was kept running for a couple of hours to allow the flow pattern to
develop. Perhaps this time was too short in the 2 1/s case.

The main conclusions from Paper I are that the 3-D simulations reasonably well predict
the measured flow pattern and the tracer transport for higher discharges. However, for
the lowest discharge 2 1/s there were difficulties in both the measurements and the
simulations. The study also shows the possibilities of using 3-D numerical simulations
as a tool in detention tank design.

3.2 Paper II: Numerical Simulation and Large-Scale Physical Modelling of Flow in
a Detention Basin

The aim of Paper II was to compare 3-D simulations with 2.5-D (depth-integrated)
simulations. The simulations are compared with measurements in a large-scale physical
model of a detention tank. The 3-D simulations and measurements are presented in the
previous section in Paper I. To study the hydraulic performance of a tank and evaluate
the RTD curve, different measures can be used. In this study the short-circuiting, the
effective volume, the number of equivalent tanks in a tank-in-series model (which is a
measure of mixing) and the hydraulic efficiency were used.

The results showed that the 2.5-D and the 3-D simulations both simulated the main flow
pattern and tracer transport well for high discharges. For the lowest flow rate, it was
possible with the 2.5-D model, after some calibrations and change of turbulence model,
to achieve a flow pattern close to the simulated one. No calibrations were performed for
the 3-D model. However, as indicated in the previous paper, there are some
uncertainties in the measurement for the lowest flow rate. The parameters of hydraulic
performance showed that approximately 50% of the tank volume was active. There was
a small indication that the lowest flow rate has less short-circuiting and less effective
volume compared to the two higher flow rates. However, too few measurements have
been performed to draw general conclusions from the data.

The main conclusion is that for this rectangular geometry with constant water depth a
2.5-D model is enough to obtain good results for the main flow pattern, which implies
that the vertical velocities had little influence on the dominating flow pattern. The
advantage of the 2.5-D model is that it is easier to build the mesh and that the
computational time is shorter. However, the 2.5-D model demands more modelling skill
and more calibrations. The 3-D approach is more general and simulates the flow pattern
and velocities in more detail. Rodi (1995) discusses the limitations of the 2.5-D
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approach. He writes: ‘it is not suitable whenever strong three-dimensional effects
involving vertical motions prevail, caused, for example, by the boundaries or by
buoyancy forces; and as computer power increases so does the application of three-
dimensional models.’

3.3 Paper I1I: Modelling of Particle Deposition using a Bed Shear Stress Boundary
Condition

In the third paper an on-line storage tank is studied. Storage tanks are used in the sewer
system to store sewage water during heavy storms when the capacity downstream is
limited. The main purpose is consequently to store water. However, it is also important
to avoid settling in storage tanks since the capacity of the tanks is then decreased.
Sediment may also cause odour and the maintenance frequency for cleaning of the tank
will thereby increase. Stovin and Saul (1996, 1998) have performed several studies on
storage tanks. The objective of this study is the boundary condition for the particles on
the tank bottom.

The computer simulations were compared with measurements in a small-scale model of
a storage tank. The measurements have been extensively reported by Stovin (1996). The
dimensions of the scale model are 2 x 0.972 m. The water depth is 0.196 m. Velocity
measurements were performed as well as measurements of sedimentation efficiency and
the spatial distribution of the sediment on the tank bed. Crushed olive stone was used to
model the sediment. The density of the crushed olive stone was 1500 kg/m® and the
median particle diameter was dsp=47 pm.

The computer simulations could be divided into two parts. First the flow field and then
the sediment transport was simulated. The flow simulations were performed in 3-D
using the same finite volume code as in the two previously discussed studies, namely
FLUENT. The standard k-& turbulence model and standard wall functions were used.

To model the sedimentation the Lagrangian stochastic particle tracking approach was
used. Uncoupled simulations were performed, which means that the particles do not
affect the flow field. The particle tracks are simulated one by one, which means that no
interactions between the particles are taken into account. However, the stochastic
particle tracking used implies that the turbulence affected the particle trajectory. Fifty
simulations using 48 particles in each simulation were performed for each set-up. The
particles were evenly distributed over the inlet. Another important aspect when
simulating particle transport is the behaviour of the particles at the boundary. Previous
studies have been performed. Pettersson (1997) used the trap condition. The trap
condition means that the particle trajectories are terminated once the particles reach the
boundary. Stovin and Saul (1996) used the reflect condition. The reflect condition
enables the particles to bounce at the bottom. The change of momentum due to the
bounce, the reflection angle and the maximum number of reflections in each cell are
parameters that can be varied. Since these parameters are difficult to estimate, Stovin
and Saul (1996) suggested and performed initial studies with another approach based on
the shear stress distribution on the bed. This new modelling approach was used in the
present study.

The new boundary condition works as follows. When a particle reaches a boundary cell
with the defined Bed Shear Stress (BSS) boundary condition, the bed shear stress in the
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cell is calculated. The calculated BSS for the cell is compared with a critical bed shear
stress for deposition, set by the user. If the bed shear stress is below the critical value for
deposition, the particle is reported as aborted; otherwise the particle will be reflected.
The critical bed shear stress for deposition was set in this study to 0.04 N/m%. The value
was obtained from the laboratory measurements. With the BSS boundary condition it is
possible to get a report of the x-, y-, z-positions of the settled particle, the particle
number and the bed shear stress at the cell where the particle settled. This report
facilitates the estimation of the spatial distribution of sediment.

Many simulations were done to investigate the adequacy of the BSS boundary
condition. The sensitivity of the sediment pattern and efficiency to cell size, choice of
particle dispersion model and selected value of critical bed shear stress was tested.
Simulations were performed for different inlet velocities ranging from 0.005 to 0.8 m/s
and for different particle diameters (28, 47, 88 and 110 pum). Four different meshes were
used. The number of cells varied between 36 700 and 142 700. The simulations using
the BSS boundary condition were compared with simulations using the trap condition
and with measurements in the scale model. Comparisons were performed for both the
sedimentation efficiency and the spatial distribution. The efficiency was defined as the
number of particles that deposit in the tank divided by the number of input particles.

Some simulations were also performed for a narrower tank geometry with a length-to-
width ratio of 2.5. The observed flow pattern was not reproduced in the simulations, and
therefore also the spatial distribution of sediment differed.

The conclusion from the study was that the bed shear siress boundary condition
predicted the sedimentation efficiency well for high inflow rates. The trap condition
overestimated the sedimentation efficiency for high velocities, which was also found by
Stovin (1996). For low inflow velocities and small particles, the discrepancies between
measurements and simulations are larger. This is the case for both the BSS and trap
boundary conditions. By studying the particle tracks it is possible to see that most of the
particles do not come into contact with the bottom. Possible explanations for this are
that the particles are too light to settle by gravity and that the turbulence keeps the
particles in the flow. The sedimentation efficiency was found to be sensitive to particle
size, particle density and flow rate.

The obtained spatial particle distributions from the simulations are promising. The
distribution with the bed shear stress boundary condition is very similar to the photos
and sketches of the sediment distribution obtained from the measurements. There were
some small regions where sedimentation occurred in the simulations but not in reality.
The explanation for this could be that in reality the flow conditions are rarely steady.
Small oscillations in the inlet jet could explain why no sediment was observed in these
regions. The trap condition is not able to predict the observed sediment pattern. The
spatial distribution of particles is sensitive to inlet velocity. The influence of cell size is
small and does not affect the main features of the sediment distribution and coverage.

The study showed the possibilities of predicting the sediment efficiency and sediment
distribution using a bed shear stress boundary condition. Both the spatial distribution
and the simulated sedimentation efficiency gave reasonable agreement with measured
values.
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4. CONCLUSIONS, DISCUSSION AND SUGGESTIONS FOR
FURTHER WORK

The literature review shows that there are many different hydraulic problems in sanitary
engineering where CFD simulations are applicable. The main area seems to be
modelling of sedimentation and residence time in tanks and ponds. Almost all authors of
the papers treated describe the possibilities with CFD simulations as important and
useful. There is an almost uniform belief in CFD simulations as an engineering tool in
sanitary engineering. Glynn er al. (1997) write: ‘it is very difficult to study the flows in
existing reservoirs by direct observation, CFD is likely to prove a highly useful tool in
this field, and offers a means whereby potential design improvement can be evaluated.’
Wood et al. (1995) have a more cautious approach. They think modern CFD techniques
require significant development and validation. They write ‘CFD modelling is not an
easy universal answer. It involves a considerable investment of time, money and
expertise.” However, the literature study presented shows the possibilities with CFD
simulations and the development in CFD codes and computer capacity has accelerated
in just the last few years. Many authors consider it necessary to compare the simulations
with measurements at least at the initial stage. More measurements in full-scale and
scale models and simulations in two and three dimensions are therefore required to
build a basis of knowledge and skill for how to use CFD in sanitary engineering.

This was one of the objectives in the study where comparisons were performed between
3-D simulations and measurements in a large-scale model of a detention tank. The main
conclusion from this study was that the agreement between simulations and
measurements was good for high inlet velocities. However, for low flow velocities there
were differences between the measured and simulated flow patterns. This difference in
flow pattern is interesting and further studies need to be performed to determine its
causes. Examples of suggested studies are improved measurements where there are no
temperature differences between the incoming jet and the water in the tank. It is also
possible to simulate the flow pattern with a lower temperature of the incoming jet.
Probably another type of turbulence model should be used for the low flow rate; see
discussion below.

The comparison between a 2.5-D and a 3-D simulation and measurements showed the
possibilities of using 2.5-D simulations to predict the large-scale flow pattern. The
advantages of a 2.5-D model are that it is less expensive and demands less time with
respect to data input, mesh generation and computer capacity. However, it needs more
calibration and modelling skill. The 3-D approach is more general and evaluates the
flow properties in more detail. The simulated geometry was a rectangular box with
constant depth. A more general use of the 2.5-D approach requires better knowledge of
its limitations with respect to tank geometry, for example varying bottom shape, inlet
and outlet arrangements and inlet velocities. It is believed that this knowledge is
preferably obtained by comparative studies of 2.5-D and 3-D simulations. The 3-D
approach is believed to have a potential to develop towards a more practically useful
tool through the development of both hardware and software, such as mesh generators,
and also increased practical experience from new studies.

In the last study the possibilities of using CFD to simulate sediment transport and

settling in storage tanks are examined. Many researchers have studied these problems.
The focus in the present study is on the boundary condition on the tank bed. The
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boundary condition used is based on the bed shear stress on the tank bottom. The
modelling approach is promising and predicts the sediment distribution and
sedimentation efficiency well for high inflow velocities. For low inflow velocities the
agreement is not very good. More studies are therefore needed for small particles and
low inflow velocities. The Lagrangian or dispersed phase modelling approach is a very
simplified way to model particle transport. Interaction between particles is not
considered, nor do the particles have any effect on the flow pattern, and it would be
interesting to study under which circumstances these assumptions are valid. It is not
possible to simulate the build-up of sediment at the bottom with this modelling
approach. In hydraulic problems where this is of considerable significance, the Eulerian
two-phase model is perhaps a better choice.

In both of the performed studies, the agreement between measurements and simulations
for low flow velocities is not satisfactory. In the detention tank a different flow pattern
occurred, and in the storage tank the simulated sedimentation efficiency was too low for
low flow velocities. The flow pattern simulations for the narrower tank also indicated
difficulties in obtaining the measured flow pattern. As suggested before, these problems
could be explained by the turbulence modelling. The standard two-equation k-g
turbulence model is the most commonly used turbulence model in hydraulic problems,
and it has also been used in these studies. The k-& turbulence model is a high-Reynolds-
number model. One of its limitations is that it cannot account for regions with stagnant
flow and low flow velocities. Most flows in environmental fluid dynamics, especially
flow problems in ponds and tanks, are flows that have low flow velocities and consist of
regions with more or less stagnant flow. On the other hand, there are swirling flows in
vortex separators that demand turbulence models suited for swirling flow, which can
account for the anisotropy of the turbulent viscosity. Further studies are needed to
determine how the turbulence should be modelled in different cases, as well as in what
cases or under what circumstances the most commonly used k-& turbulence model is not
applicable.

Is CFD a design tool in sanitary engineering? What has been done? How does it work?
What are the limitations? These were the questions asked before the literature review
and the different studies were performed. The discussion presented shows that there are
several studies demonstrating the possibilities of using CFD in sanitary engineering.
The results are promising in most cases. However, it seems that until today CFD has
mainly been a tool for researchers and not for engineers working with sanitary
engineering problems. With the development of both hardware and software such as
mesh generators, 3-D simulations are expected to develop towards a more practically
useful tool in the future. However, more studies and simulations need to be performed
to obtain more knowledge of how to use the tools in best practice. Examples of further
work have been suggested in the different papers and above. I would like to emphasise
the necessity of studying turbulence modelling in sanitary engineering problems,
especially for low flow velocities, and the need of more comparative studies between
2.5-D and 3-D simulations and measurements in full-scale models.
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