UNIVERSITY OF CALIFORNIA

Los Angeles

One-Dimensional Modeling of Secondary Settling Tanks

A dissertation submitted in partial satisfaction of the
requirements for the degree Doctor of Philosophy

in Civil Engineering

by

Ben Li

2016



ProQuest Number: 10110980

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

ProQQuest.
/ \

ProQuest 10110980
Published by ProQuest LLC (2016). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code
Microform Edition © ProQuest LLC.

ProQuest LLC.

789 East Eisenhower Parkway
P.O. Box 1346

Ann Arbor, MI 48106 - 1346



© Copyright by
Ben Li

2016



ABSTRACT OF THE DISSERTATION

One-Dimensional Modeling of Secondary Settling Tanks

by

Ben Li
Doctor of Philosophy in Civil Engineering
University of California, Los Angeles, 2016

Professor Michael K. Stenstrom, Chair

Sedimentation is one of the most important processes that determine the performance of the
activated sludge process, and secondary settling tanks (SSTs) have been investigated with the
mathematical models for design and operation optimization. However, the practical application
of SST models still remains a challenge due to several difficulties, such as the lack of efficient
(high accuracy and low computation cost) solution techniques and reliable model calibration
strategies. To facilitate the practical application of SST models, this dissertation focuses on the
one-dimensional (1-D) modeling of SSTs, including the numerical analysis to introduce and
select efficient solution techniques, sensitivity and practical identifiability analysis to reliably
calibrate the 1-D SST models, and evaluation of the implications of SST modeling on the design
and control of waste water treatment plants.

To improve the understanding of 1-D modeling of SSTs, this dissertation provides a

comprehensive literature review of the batch settling methodology and the flux theory, which



played a significant role in the early stage of SST investigation. The literature review also
contains an explicit introduction of the established 1-D SST models, including the relevant
physical laws, various settling behaviors, the constitutive functions, available solution techniques
and calibration strategies.

As the only available method for analytical solution development of ideal continuous settling
model, the method of characteristics has been successfully implemented to investigate the
dynamics of SST for various solids loading conditions. This dissertation also introduced the Yee-
Roe-Davis method, which able to capture solution discontinuities based on gradient, thus
providing numerical solutions with second-order accuracy. By using the method of
characteristics as a reference, the convergence analysis of Methods Simplified-Godunov,
Godunov and Yee-Roe-Davis shows that all are reliable, since they are able to provide arbitrarily
close approximations to the reference solutions as discretization is refined. For a given
discretization level, the Yee-Roe-Davis method is most efficient in reducing error, and provides
the most accurate approximations. However, this advantage of high accuracy of the Yee-Roe-
Davis method is at the cost of larger computation time and coding complexity.

To facilitate model calibration, the important parameters for 1-D SST model calibration were
identified under non-ideal flow and settling conditions using global sensitivity analysis (GSA).
This dissertation also demonstrated that reliable reduction of 1-D SST models can be achieved
based on GSA results; for example under the bulking condition, the hindered-compression-
dispersion model can be reduced to the hindered-dispersion model without impacting model
accuracy. The model uncertainty analysis efficiently evaluates model reduction reliability.

In terms of developing batch settling methodology for reliable model calibration, this dissertation

found that the hindered settling parameters are more influential in situations where only batch



settling data are available, while the sensitivity to compression parameters can be greatly
increased if concentration profile observations are included. The practical identifiability analysis
further showed that parameter estimates obtained from data sets that only include batch settling
data or the concentration profiles cannot generally predict concentration profiles and batch
settling curve observations, respectively. Because of the application of local sensitivity functions,
the parameter identifiability analysis can be sensitive to the initial parameter value selection.
Estimates obtained by identifiable parameter subsets estimation are conditional on the values of

fixed parameters.

From the view of optimizing the process design and control, this dissertation demonstrated that
the bioreactor and SST should be designed as a whole, and a safety constraint can be introduced
in the design process to greatly improve the system’s efficiency and reliability. A comprehensive
selection of the designed alternatives should consider three aspects: economic plausibility,
contaminant removal efficiency, and system robustness. Least-cost points can usually be attained,

but their locations will vary depending on the weighting of the relative cost factor.
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1. Introduction

1.1. Background

Biological secondary treatment processes are widely used in wastewater treatment plants to
remove organic matter and reduce nutrients such as nitrogen and phosphorus. In most cases,
efficient operation requires the biomass to be removed from the wastewater by sedimentation,

filtration or other solids-liquid separation processes.

Several types of treatment processes can achieve solids-liquid separation, but secondary settling
tanks (SSTs) are most commonly used. SSTs, also known as clarifiers, sedimentation basins or
solids-liquid separators, use gravity to separate the biomass from the fluid, and have two similar
but distinct functions: clarification and thickening. Clarification is the removal of finely
dispersed solids from the liquid to produce a low turbidity effluent; thickening is the process of
increasing the sludge concentration in order for it to be recycled or disposed in less volume. In
SSTs, the clarification process occurs in the upper zone while thickening occurs near the bottom.
The result is an effluent from the top, low in suspended solids, and a second stream of settled,

concentrated biomass from the bottom, suitable for recycling or disposal.

As one of the most important units in wastewater treatment process, the SST is often a “bottle
neck,” limiting the capacity of the wastewater treatment process (Ekama et al. 1997a, Ekama and
Marais 2002a). The SST sizing must be combined with the bioreactor sizing to provide the
minimum necessary conditions, such as the solids retention (SRT) or food-to-mass (F/M ratio) to
meet design conditions, as well as maintaining a safety factor to handle shocks and upsets. If the

SST does not produce a highly clarified effluent, or cannot thicken biomass to the required



recycle concentration, excessive effluent solids will result, causing effluent permit violations and
resultant loss biomass from the reactor. Therefore, two commonly used parameters: overflow

rate and solids flux, have been developed for SST design and evaluation.

Since wastewater characteristics vary, such as temperature, flow rate and contaminant
concentrations, traditional design procedures for SSTs tend to be empirical and conservative by
introducing averaged parameters with safety factors (Coe and Clevenger 1916). Therefore SST
performance can suffer unanticipated fluctuations, which may cause process control problems
and increase the risks of failure. Stringent standards for effluent quality and the need for
optimization of WWTP performance have made such variations in effluent quality undesirable,

and have encouraged the use of dynamic controls for wastewater treatment process.

A mathematical modeling approach, where the bioreactor models are coupled with SST models,
is encouraged in WWTP studies for overall process design and control optimization. Scientific
knowledge on characterizing the biomass growth and contaminant removal is well-developed,
whereas the various settling behaviors within the SST are still poorly understood, thus causing
the difficulty in effluent quality prediction, biomass inventory estimation (Plész et al. 2011).
Great efforts have been made to rigorously predict SST performance. According to different
practical application purposes, the modeling approaches can be divided into three main

categories:

1. One-dimensional (1-D) dynamic model: 1-D models are based mostly on flux theory and
Kynch's assumption that the solids gravity settling velocity is only determined by the
local sludge concentration. The hydraulic flow is simplified as downward/upward flow

to simulate the recycling/effluent flow and satisfy the 1-D assumption.



2. Two-dimensional (2-D) hydraulic model: compared with 1-D models, 2-D models are
developed using computational fluid dynamics (CFD) techniques. Therefore, instead of
simplifying or omitting the hydraulic flow impacts, 2-D models can incorporate
hydrodynamics such as density currents, turbulence, and artifacts of unfavorable SST
geometry. Flocculation behavior can also be modeled, if coupled with a sub-flocculation
model (Zhou and Mccorquodale 19923, b). A frequent application of 2-D models is to
improve SST geometry design and optimize performance.

3. Three-dimensional (3-D) hydraulic model: the motivation of developing 3-D approaches
Is to understand non-symmetric features: for example the heat exchange caused by the
varying temperatures and wind effects. Very detailed computation grids are now feasible
in order to capture geometric features as small as several inches (Gong et al. 2011,
Xanthos et al. 2011, Ramalingam et al. 2012). However, the high resolution grids also

incur large computation cost which may limit the 3-D models' practicability.

In current engineering practice, 1-D SST models are mostly used due to their relative simplicity
and low computation cost. As the most prevalent one, the 1-D 10-layer SST model, also known
as the Takacs model (Takacs et al. 1991), has been implemented in most commercial simulators
as a reference model. Although the Také&cs model has achieved a degree of success in predicting
the SST performance, such as the effluent concentration, the underflow concentration and the
sludge blanket level, its shortcomings are not negligible, which can be summarized as two

aspects:

1. [Insufficient description of various settling behavior. With the ad-hoc assumption that

hindered settling mostly determines the SST performance, the Takacs model only



includes the first-order convection term (hindered settling term) to describe the solids
transport within the SST, while other significant settling processes, such as the
compression settling, are not considered.

2. Inaccuracy of numerical solutions. The PDE solver using the flux constraint embedded in
the Takacs model can only provide reliable numerical solutions under ideal conditions
(dry-weather and good settling), and may lead to unphysical solution oscillation under
non-ideal conditions, such as wet-weather and sludge bulking (Burger et al. 2012).
Meanwhile, the numerical dispersion introduced by the low discretization level (10-layer)
also prevents a detail investigation of the settling dynamics, as reported by Jeppsson and

Diehl (1996).

In the last two decades, to overcome the limitations of the Takacs model, several advanced SST
models have been developed as reliable alternatives, which can be classified into three groups

based on their advantages:

1. First-order model with reliable numerical techniques: for these models, the model
formula remains the same as the Takacs model by only considering the hindered settling
behavior, while more reliable numerical techniques, such as the Godunov numerical flux
are used to construct both numerically and physically acceptable solutions (Jeppsson and
Diehl 1996).

2. Second-order hindered-compression model: the improved understanding of activated
sludge rheology has facilitated the development of phenomenological theory of
sedimentation-consolidation, and then the phenomenological theory is expressed in the

compression model, which allows a more rigorous description of the compression settling



behavior (Burger 2000, Burger et al. 2000a). Compared with the hindered-only model,
the hindered-compression model is expected to provide more realistic prediction of the
sludge blanket level and the underflow concentration.

3. Second-order hydraulic dispersion model: for these models, an explicit hydraulic
dispersion term is added to the model formula to account for the potential impact of
hydraulics on the biomass settling behavior (Pl6sz et al. 2007, Ramin et al. 2014a). The
hydraulic dispersion model possesses the advantage of simulating the hydraulics of SSTs
in a wider range of dynamic flow conditions (Ramin et al. 2014c). From the numerical
point of view, adding the flow-dependent dispersion term also avoids the shock problem

occurring in the hindered-only model.

Despite the advantages of these advanced models, their practical application is limited, which
can be potentially attributed to the lack of guidance to facilitate the model calibration and the
difficulty of selecting SST models for specific simulation purposes (sludge blanket level
prediction, sludge retention time calculation etc). Therefore, given that the currently available
SST models cannot always provide satisfactory predictions and their implementation strategies
are not well developed, further research is strongly needed to improve the performance of 1-D

SST models, as well as facilitate their application in engineering practice.

1.2. Objectives

In order to improve the model reliability as well as facilitate its practical application, the main
objectives of this dissertation are (i) to provide a comprehensive literature review, which
includes the significant research topics related to the 1-D SST modeling, such as the batch

settling test methodology, model formula development, reliable solution calculation and efficient



model calibration; (ii) to focus on the numerical analysis of 1-D SST models with the aim of
introducing and selecting efficient numerical techniques for model solving; (iii) to investigate the
application of 1-D SST models on the design and control of wastewater treatment plants
(WWTPs), such as improving the understanding of interactions between bioreactor and SST, and
demonstrate that the design and control decision-making of WWTP operations is sensitive to the
selection of 1-D SST models; (IV) to develop efficient calibration strategy of 1-D SST models
by identifying parameter subsets suitable for calibration under various flow and settling
conditions, and evaluate the parameter identifiability based on different experimental layouts; (V)
to investigate the 1-D SST model reduction based on sensitivity analysis results, and evaluate the

reliability of model reduction based on uncertainty analysis.

1.3. Outline

Chapter 2 of this dissertation provides a comprehensive literature review of the 1-D modeling of
SSTs. This chapter starts with a review of the development of settling theory, focusing on batch
settling methodology and the flux theory, since they played an important role in the early stage
of SST investigation. The second part of this chapter is an explicit review of the established 1-D
SST models, including the relevant physical law, various settling behaviors (hindered, transient,
and compression settling), the constitutive functions. The third part is a discussion of reliable
numerical techniques needed for solving the models' governing equations. The last part focuses
on the calibration of 1-D SST models, which is specifically important in terms of the increasing

complexity of SST model itself.

Chapters 3, 4 and 5 of this dissertation mainly focuses on the numerical analysis of SST models

and implications of SST models on the design and control of WWTPs. For the ideal SST model



(hindered-only model), its analytical solutions under different operating conditions are
constructed in Chapter 4 based on method of characteristics. The analytical solutions are also
compared with experiment data to show the validity of the SST model in predicting the sediment
height and solids concentration distribution as a function of time and loading conditions. In
Chapters 3 and 5, the reliable numerical technique based on the Yee-Roe-Davis method is
introduced to calculate both physically and numerically acceptable solutions, and the efficiency
of different alternative numerical techniques are evaluated based on their comparison with the
analytical solution in Chapter 4. Chapter 3 and 5 also investigate the feasibility of applying the
SST models in the design and control of WWTPSs, such as optimizing the sizes of bioreactor and

SST, and evaluate the influence of SST simulation on control and decision-making.

Chapters 6 and 7 provide the methodology of reliable model calibration in different experimental
layouts, and the guidance of model reduction for specific simulation purposes. In Chapter 6, the
parameter subsets suitable for model calibration are identified based on sensitivity analysis, and
influence of imposed flow and settling conditions on the sensitivity of model outputs on
parameters are assessed as well. Chapter 6 further demonstrates that reliable model reduction can
be achieved based on sensitivity analysis, and provides the guidance of SST model selection
based on specific simulation purposes. The primary concern of Chapter 7 is the reliable
calibration of SST models in various experimental layouts. The practical identifiability analysis
of SST models is provided in Chapter 7 to determine identifiable parameter subsets based on
different experimental layouts. Chapter 7 also investigates the influence of initial parameter
value selection on parameter identifiability analysis, and the bias of parameter estimates caused

by fixing unidentifiable parameters.



2. Literature review

Sedimentation is one of the most important processes that determine the performance of the
activated sludge process (ASP), and SSTs have been frequently investigated with the
mathematical models for design and operation optimization. Nevertheless their performance is
often far from satisfactory. The first part of this chapter is a review of the development of settling
theory, focusing on batch settling methodology and the development of flux theory, since they
played an important role in the early stage of SST investigation. The second part is an explicit
review of the established 1-D SST models, including the relevant physical law, various settling
behaviors (hindered, transient, and compression settling), the constitutive functions, and their
advantages and disadvantages. The third part is a discussion of numerical techniques required for
reliable model output calculation, and the last part mainly focuses on the calibration of 1-D SST

models.

2.1. Batch settling methodology and flux theory development

Because of the similarities between batch settling and continuous settling processes, many early
researchers investigating activated sludge thickening and clarification predicted continuous
settling behavior from batch settling tests. Coe and Clevenger (1916) provided one of the earliest
examples relating batch settling phenomenon to the design and operation of the SST, and in their
classical paper, the settling behavior in a batch thickening column was qualitatively indentified
in four distinctive zones: 1) the clear supernatant zone at the top with low turbidity; 2) the
uniform settling zone with constant concentration equal to initial concentration; 3) the transition
zone between the constant concentration and compression zones, and 4) the compression zone

formed by the compression from overlaying sludge and the mechanical support of the lower



bottom. Among each zone in the batch settling test, the constant settling zone was found to
govern the SST area requirement; however Coe and Clevenger (1916) believed that the SST
depth, in their case of using pulp and paper sludge, should be large enough to provide sufficient
storage time, thus making the sludge retention long enough within the SST to squeeze the water
out of sludge sediment to obtain more condensed recycling flow. As an extension of this
conclusion, the requirement of SST area was characterized as the finding the minimum solids
handling capacity for any intervening values from the initial concentration to the bottom (Coe

and Clevenger 1916).

As the only established quantitative approach, Coe and Clevenger's empirical procedure was
widely accepted and used in the first half of the 20th century, having a profound impact on SST
design and operation. Nevertheless, the remaining difficulties of theoretically examining the
settling process still prevented the in-depth understanding of the batch settling process, as well as

the continuous process.

In order to simplify the problem without having to understand the detailed force acting on
particles, Kynch (1952) presented the constitutive relation, now known as Kynch's assumption,
that the hindered settling velocity is uniquely determined by the local solids concentration. On
the basis of Kynch's assumption, the batch settling process was modeled by the mass continuity
equation of the solid phase as eq.(2.1) with proper constitutive functions, initial and boundary

conditions, and the mass flux was introduced for solids conveyance calculation:

o¢ , o(¢v:) _, 2.1)
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where ¢ is the solid concentration, vs is the gravity settling velocity, t is time, z is the spatial axis



in vertical direction.

In solving eq.(2.1), solution discontinuities are expected to occur as a function of time and height,
and these discontinuities can be physically interpreted as the sediment interfaces or blanket
heights observed in experiments and full-scale operations. Therefore, eq.(2.1) is satisfactory in
capturing concentration discontinuities without knowing their physical mechanisms, although it
fails to distinguish various settling behaviors (Kynch 1952, Concha and Burger 2003). As Kynch
said in his celebrated paper " a considerable amount can be learned by the single main velocity
assumption, though further experiments are necessary to verify its validity” (Kynch 1952). His
theory greatly improved the understanding of the settling problem, and usually has been applied

as the first step in batch and continuous settling data analysis.

Since the starting point of Kynch’s work is a mathematic development and analysis of eq.(2.1),
he did not provide suggestions for practical application of his theory. The first attempt of
introducing Kynch’s theory to SST design was proposed by Talmage and Fitch (1955). In their
design procedure, the slope of a tangent to the interface subsidence curve of a batch settling test
was thought to be equal to the settling velocity of the layer with the initial concentration, shown
as Fig 2.1, which is consistent with Kynch’s theory. Therefore, the settling velocity information
can be obtained through the initial and final equilibrium states, and the settling flux curve can be

synthesized from 