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Abstract

Stormwater is of growing concern with increased heavy rainfall and runoff
surfaces from urbanisation. The challenges of stormwater has two aspects;
risk of flooding and risk of pollution. Road runoff in particular, can at times
transport a cocktail with hydrocarbons, heavy metals and other pollutants
which could be detrimental to the environment of receiving water bodies.

One way to manage these challenges is by sending water through
stormwater detention tanks. In Sandnes, Norway, the road runoff from a new
highway is lead through an underground modular settling system (MSS),
which serves the purpose of both water detention and pollutant removal by
sedimentation. Established guidelines are in place for the function of water
detention, but design for optimal treatment is based on a “Best Available
Technology” principle.

The treatment performance of stormwater detention tanks is highly
influenced by hydraulic characteristics, such as hydraulic residence time,
mixing and short-circuiting. Longitudinal mixing and short-circuiting may
reduce the treatment performance. In this thesis, a tracer study is applied to
characterize these hydraulic processes.

Four analysis methods were selected from literary findings: (1) Visual
inspection of tracer curves, (2) Method of moments (MOM) technique (3)
Tank-in-series (TIS) and laminar convection flow (LCF) modelling and (4)
Volume-based residence time analysis for variable flow. From the analysis,
the hydraulic parameters of flow regime, mean residence time, dispersion,
mixing scale and tracer mass recovery found that the hydraulic behavior of
the MSS involved moderate amounts of deadzones, relatively high mixing
and possibly multiple flow paths. The findings suggest the design of the MSS
can be further improved to optimise hydraulic behavior for particle settling.
The results should be treated with caution, however, as a statistical analysis
was not possible due to practical limitations for replication tests. In addition,
outflow rate had to be estimated by calculations due to instrumental errors
for flow measurements. Additional studies should be done to validate the
findings of this thesis, by the use of proper outflow measurements. Future
tracer studies should be paired with an analysis of particle removal to better
understand how hydraulic behavior and removal efficiency relates to each
other and how they are influenced by different design configurations.
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1. Introduction

Stormwater management has traditionally had one purpose: To reduce the
hydrological load with flood control systems such as detention tanks. These
are designed to capture the stormwater temporarily, before gradually releasing
it at controlled rates to the downstream drainage system (Odegaard, 2014).
Stormwater detention tanks have become progressively urgent due to increased
high intensity rain events caused by global warming (UN-Water, 2019). In
addition to flood risks, stormwater is also a significant source of pollution.
Road runoff in particular has shown to contain heavy metals, hydrocarbons
and fuel additives which can have serious consequence to the quality of
receiving water bodies (Hoffman et al., 1985; Li et al., 2008). Consequently,
the treatment of road runoff has received increased attention. Stormwater
detention tanks can have a pollution control function, as they provide time
for particle removal by sedimentation (Nix, 1985).

Design guidelines for detention tanks are well established, but there is
a lack of guidelines for treatment optimisation. Ideally, sedimentation is
designed according to a minimal hydraulic residence time (HRT) which allow
particles of interest enough time to settle (Tchobanoglous et al., 2014). With
steady-state conditions, residence time is defined as volume divided by flow
rate, providing a relatively simple design criteria. However, the incidental
nature of rainfall events with the ensuing dynamic flow rate and variable
volume complicates the process (Nix, 1985).

This thesis is part of a research project seeking to improve treatment of
road runoff through a multistage concept (Research Council of Norway, 2019).
As part of the project, an underground modular settling system (MSS) was
built with the multipurpose of detention and treatment of roadway runoff from
a new highway in Sandnes, Norway. The thesis work of Bergseng (2021) and
Gausel Lode (2021) tested for particle removal efficiency at various rainfall
events, with results in the range of 48-98% removal of total suspended solids
(TSS).

Removal efficiency is influenced by the hydraulic behavior within the
system. System design affects mixing and short-circuiting which again
influence the HRT. These characteristics are commonly described
experimentally by the use of inert tracers thought to track the movement of
water through the system. Various methods and calculations are applied to
analyse a tracer study (Headley & Kadlec, 2007). In this project a full scale
tracer study will be executed and results analysed in order to provide
experimental understanding of hydraulic behavior and actual residence time
in stormwater detention tanks.



2. Theory

The following chapter will provide a theoretical background relevant for
the thesis. First, an introduction about the challenges with stormwater
runoff is presented, followed by an overview of sedimentation theory and
hydraulic characterisation of treatment reactors. Then, the general principles
of designing a tracer study for hydraulic characterisation is described. Lastly,
the objective of the thesis is stated.

2.1 Stormwater

In Norway, stormwater management is well integrated into project planning of
new roads and infrastructure (NPRA, 2018). Traditionally, the main strategy
has been to lead runoff water to surface infiltration areas, into stormwater
pipes or a combined sewer system. Heavy rainfall events along with increased
runoff surfaces from urbanisation, has led to challenges in volume capacity
for existing water management systems. In addition, stormwater runoff
could have a detrimental effect on the environment in receiving water bodies
(Hoffman et al., 1985). Roadway runoff can at times be highly contaminated
with pollutants such as road salt, hydrocarbons, fuel additives, particles from
tyres and a range of heavy metals (Marsalek et al., 2003; Westerlund &
Viklander, 2006). This cocktail of organic and inorganic contaminants can
disturb aquatic ecosystems. Meland (2010) demonstrated how pollution from
roadway runoff had harmful biological effect in sea trout (Salmo trutta).

These concerns regarding stormwater runoff are addressed by Norwegian
law in the Norwegian Water Regulation (Vannforskriften, 2006), with the
intent to secure a good ecological and chemical status for aquatic environments.
The regulations are implemented in road design through the Norwegian Public
Roads Administration (NPRA) handbook N200, whereby treatment is based
on the vulnerability of receiving water body and annual average daily traffic
(NPRA, 2018).

During the road design of F'v 505, a regional highway in Sandnes, it became
clear that road runoff had to be treated before entering the Figgjo river system.
Serving as a nature reserve for birds, a salmon spawning location and a home
for rare river mussels, the Figgjo river system is considered of high ecological
importance (Ledje & Randulff, 2019). In order to maintain a healthy salmon
population, the river system has been granted protection status through
Norwegian law (Innst. S. nr. 183 (2006-2007), n.d.), which means that
any activity or intervention which could harm the salmon population or the
water environment is prohibited. The river is also recognized internationally
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through the Ramsar convention, which is an international cooperation for
the protection of wetlands that are important for species diversity, nesting
and wintering areas for migratory birds. Although agriculture runoff is
considered the largest environmental challenge for the river, a recent report
also highlighted runoff from construction activities and future urbanization as
a major pollution contributor to the Figgjo river system (Ledje & Randulff,
2019).

The MSS is installed as a step to relieve roadway runoff pollution from
Fv 505 and serves as the test site for this thesis.

2.2 Gravity Separation Theory

The MSS is designed to achieve both flood and pollution control of the
stormwater runoff from Fv505. Detention serves as a volume storage to
reduce overflows to the receiving water system, and the treatment step
applies sedimentation to separate particles from the stormwater runoff.
Sedimentation is involved in almost all treatment methods for roadway
runoff, where suspended particles heavier than water are physically separated
from water through gravitational settling (Asteb@l & Hvitved-Jacobsen, 2014;
Droste & Gehr, 2019). The following section will describe some fundamental
sedimentation principles, to illustrate how the HRT will influence treatment
efficiency of gravitational settling.

Sedimentation theory can be roughly divided into four types
(Tchobanoglous et al., 2014, p. 345):

I. Discrete settling - particles settle as individual entities

I1. Flocculent settling - Particles coalesce and increase in mass, which in
turn increases the settling rate

ITT. Hindered settling - Particles remain in fixed position relative to each
other, and settle as a unit

IV. Compression settling - High concentrations of particles make up a
structure which settles by compression

Findings by Li et al. (2005) suggest that particles grow in a settling tank,
as described by Type II settling. However, in order to keep calculations
simple and conservative, the same authors used discrete settling theory when
studying optimization of settling tank design (Li et al., 2008). In NPRA
guidelines, the assumption of discrete settling is also advised for roadway
runoff treatment design (Astebgl & Hvitved-Jacobsen, 2014). Thus, this
thesis will also assume discrete settling in the MSS.

3
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Flow path for
particle with critical
Particles settling velocity, v..

\ /

Inlet zone
<
Qutlet zone

Settling zone

Sludge zone

Figure 2.1: Definition sketch of an ideal horizontal flow sedimentation tank
with discrete particle settling, modified from Tchobanoglous
et al. (2014, p. 351).

2.2.1 Discrete particle settling

As described above, discrete settling occurs when each particle settle
individually by gravity, without any significant interaction with other,
surrounding particles (Tchobanoglous et al., 2014). Figure 2.1 shows a
definition sketch of ideal discrete particle settling in a horizontal flow,
rectangular sedimentation basin. The inlet and outlet zones are also a part
of the sedimentation length, but high turbulence is assumed near the
entrance with no settling. Similarly, with flow streamlines towards the exit
which at times flow upward, no settling is assumed in the outlet zone. For
wastewater treatment, a sedimentation tank is designed by selecting a
particle with a critical settling velocity, vg.. This is the minimum settling
velocity needed for a particle to settle through the entire depth of the tank
during the HRT of the system. HRT is described by Tchobanoglous et al.
(2014) as “the time a unit volume of water is in the basin”. All particles with
a settling velocity equal to or greater than v,. is removed, while particles
with a lower settling velocity, such as v, in Figure 2.1, may exit with the
effluent, depending on settling zone entry height. Droste and Gehr (2019)
present some other important assumptions for ideal discrete settling:

1. Water and particles entering the inlet zone is dispersed uniformly,
resulting in the same suspended solids (SS) concentration across the
entire depth of the inlet zone.

2. Steady-state conditions with constant flow rate.

4
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3. HRT equals the flow through period, meaning ideal hydraulic conditions
with no dead space or short-circuiting of water volume (see Section 2.3).

4. Plug flow conditions (see Section 2.3).
5. Particles settle individually, i.e discrete settling.

6. No movement of liquid in the sludge zone.

2.2.2 Particle Settling Velocity

All equations in this section are reproduced from the material of
Tchobanoglous et al. (2014, p. 346-349) and Kommedal (2020), and all terms
are described in Table 2.1 at the end of this section.

With respect to discrete settling, Newtons gravitational law and Stoke’s
drag law can be used to calculate particle settling velocity. Figure 2.2 shows
how a spherical particle settling in a liquid is governed by gravitational force,
F, and drag force, I; by the liquid. In addition, a buoyant force upward, F;,
is exerted on the particle by the liquid. At terminal critical settling velocity,
the sum of forces is given as:

Y F=F,—F,—Fd=0 (2.1)

F,, F, and Fj are described by the following equations:

Fy = ppVpg (2:2)

B, = pw‘/pg (23)
CyA, v

Fi= depUp (2.4)

Solving for particle settling velocity, v, yields:

4gd, ([ pp — puw 4gd,
= 2 —1 2.5
’ \/ e o9y 1) 25
Equation 2.5 show that the diameter and density of a particle determine
its settling velocity (Droste & Gehr, 2019). The shape of the particle affects

the drag coefficient and spherical particles will be assumed for the purpose of
this thesis.




Theory

E
g

Figure 2.2: A sphere settling in a liquid: Flow producing a drag force Fy
and falling by gravity Fy as shown in Kommedal (2020).

The drag coefficient also depends on the flow regime around the particle.
Reynolds number, Ng, is used to distinguish if the flow is laminar (Ng < 1),
transitional (Ngp = 1 to 2000) or turbulent (N > 2000). For spherical
particles, the drag coefficient is given by the following equation:

24 3

Ci=—+——=+034 2.6
‘T Ne o Vg 20

For the different flow regimes, the drag coefficient is approximated to:

24
Laminar — Cy = — (2.7)
Ng
T ition — C, 24—!— ; +0.34 (2.8)
ransition = — : :
T Ni ' VNa
Turbulent — Cy = 0.4 (2.9)

By identifying the flow regime, and thus applying the correct drag
coefficient, the particle settling velocity can be determined. In laminar
conditions, viscosity is the principal force, and settling velocity, v, is given
by Stoke’s equation:

9(pp — pw)dy _ g(sg, — 1)d;
184 - 18v

'Up:

(2.10)

When the flow regime is transitional, Cy from Equation 2.8 must be used
in its entirety in Equation 2.5 to determine v,.

6
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Table 2.1: Term descriptions for particle settling theory equations as given
in Tchobanoglous et al. (2014).

Term Description Unit

p,  Particle density kg/m?
pw  Water density kg/m?
Vp  Volume of particle m?

g Acceleration due to gravity m/ s
Cy  Drag coefficient unitless
A,  Cross-sectional area of particle m?

v,  Particle settling velocity m/s

d,  Diameter of particle m
sgp,  specific gravity of the particle  unitless
i Dynamic viscosity N - s/m?
v Cinematic viscosity m?/s

For turbulent flow conditions, inertial forces are predominant and a value
of 0.4 is used as Cy, and settling velocity is calculated from the following
equation:

Uy = \/3.339 <ppp— ,Ow) d, ~ \/3.33g(sgp —1)d, (2.11)

w

2.2.3 Residence time

The main purpose of a sedimentation tank, such as the MSS, is to trap
particles inside the tank. In essence, a particle is trapped when the time
needed for sedimentation is equal to or shorter than the retention time. The
time, t, required for a given particle with diameter d, on the water surface to
settle to the bottom of the tank is equal to the ratio (Raimondi & Becciu,
2017):

(2.12)

where H is the water depth and v,(d,) is the settling velocity of a particle
with diameter d,. The critical settling velocity and basin depth is related to
HRT as such (Tchobanoglous et al., 2014, p. 350):

_H
~ HRT
Throughout this thesis, HRT is expressed as either nominal (theoretical V/Q)
or mean residence time, t, or t,, respectively.

(2.13)

VSC

7
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2.2.4 Stormwater particles

Organic pollutants, heavy metals and suspended solids are the primary
pollutants of urban runoff . Other pollutants of concern are the nutrients
nitrogen and phosphorus, pathogenic microorganisms and road salt (Asteb@l
& Hvitved-Jacobsen, 2014). This thesis will mainly concern the suspended
solids which the MSS is designed to remove. By properly characterising the
influent particles from Fv 505, settling velocity may be calculated. Previous
case studies of the MSS provide some insight on influent particles in the
stormwater from Fv 505 (Bergseng, 2021; Gausel Lode, 2021). With the
objective of assessing treatment efficiency, both studies also applied particle
size distribution (PSD) analysis, in which a distribution of particle diameters
were determined.

Gausel Lode (2021) found that 90% of particles were smaller than 8 pm.
Bergseng (2021) evaluated the removal efficiency of the MSS with respect to
TSS larger than 0.45 pum, and reported results of 48%, 92% and 98%. The
lowest efficiency was reported for the highest flow into the MSS, and Bergseng
(2021) noted that increased incoming volume decreases the time for settling.
For particles with low settling velocity, there is not enough time for settling
(Li et al., 2008).

Hydraulic retention time will be one of the parameters used for hydraulic
characterisation in this thesis. As found by Bergseng (2021), the HRT will
vary according to inflow conditions, but the resulting HRT for the given test
conditions can be compared to stormwater particle settling time.

2.2.5 Treatment efficiency of sedimentation

In short, treatment efficiency of a sedimentation tank depends on the range of
particle settling velocities and the hydraulic retention time. The flow regime
and mixing in the system influence the hydraulic retention time, which makes
hydraulic characterisation important in order to improve system design and
efficiency:.

2.3 Hydraulic characterization

The previous section demonstrated how treatment efficiency of a sedimentation
tank depends on the range of particle settling velocity and hydraulic retention
time. The mixing regime influences the hydraulic retention time and is
important to characterize. Understanding a reactors hydraulic behavior has
great influence on stormwater detention tank design for optimizing treatment
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efficiency. The standard norm for stormwater detention tank design is volume-
based for flood protection. A report by Astebgl and Hvitved-Jacobsen (2014)
for the NPRA, provide some recommendations with respect to treatment of
roadway runoff. The report highlights that treatment efficiency is connected
to the hydraulic conditions in the basin. Factors such as hydraulic retention
time, energy conditions by the inlet, laminar or turbulent flow regime, and
risk of sediment erosion are all mentioned in the report. Hydraulic conditions
depend on the dimensions of the system, which makes design considerations
crucial for effective treatment. In this thesis, the experimental procedures
and analysis described below will be used to characterize the hydraulics of

the MSS.

2.3.1 Design considerations for stormwater detention
tanks

Design criteria for wastewater sedimentation tanks are well established.
Tchobanoglous et al. (2014) mention HRT, overflow rate, scour velocity (to
avoid re-suspension of sediments) and the characteristics and quantities of
solids as important design considerations. For stormwater detention tank
design, however, the main design criteria is to ensure sufficient detention
volume for the increased stormwater load. Detention works as storage and
gradual release of stormwater runoff. When planning new urban
establishments, roads and infrastructure, increased stormwater load is
accounted for through predicted precipitation of catchment area, runoff
coefficients and a climate factor. In Norway, these considerations are
thoroughly described in norms set by the municipality offices (Norsk Vann,
2020). This is also the case for the design of the MSS. For catchment areas
smaller than 20 ha, Norsk Vann (2020) and Odegaard (2014, p. 346) provide
the following equation for stormwater management design, known as the
rational equation:

Quim = PAIC; (2.14)

where (g, is dimensioning flow for design, ¢ is the runoff coefficient, I is
the precipitation intensity from IVF-curves specific to the area, A is the
catchment area and C is the climate factor. Runoff coefficients estimate
how much of the precipitation will become surface runoff, and is based on
the infiltration characteristics of the surface area. Dense surfaces, such as
asphalt roads and buildings, have high values approaching 1, while green
surfaces such as parks and forests have coefficients between 0.3 and 0.5 (Norsk
Vann, 2020). IVF-curves uses historical precipitation data to estimate how
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often a precipitation event with a given intensity and duration will happen
for the the selected area. According to Norsk Vann (2020), the area for the
MSS facility falls within a frequency of a 20 year return period and a 10-min
duration. The frequency and duration is used to identify an intensity of
186.4 L/s-ha from the IVF-curve representative of the area. With a standard
climate factor of 1.2, design intensity is 223.68 L/s-ha (Storm Aqua AS,
2021). By using the rational equation, Storm Aqua AS (2021) calculated
the runoff to increase from 96.5 L /s to 265.7 L/s with the construction of
Fv505. The increased runoff load constitutes a minimum detention volume
of 115 m? at the MSS. Calculation details are provided upon request from
Storm Aqua AS. For particle removal purposes, the dimensions of the MSS are
designed according to recommendations from the NPRA report by Astebgl
and Hvitved-Jacobsen (2014), but details of the design process is classified
as company confidentiality information and cannot be provided (L. Mgller-
Pedersen, personal communication, December 20, 2022).

Astebgl and Hvitved-Jacobsen (2014) explain design principals for effective
sedimentation in pond systems, but guidelines are not as detailed as for
water detention design. Furthermore, the report points out that stormwater
treatment design is not defined by established water quality standards, but
rather by indirect standards from “Best Available Technology”. In the
stormwater management municipality norm of eigth pages (Norsk Vann, 2020),
only two sentences are dedicated to treatment of stormwater: “Generally,
there are no requirements for stormwater treatment. If the stormwater
is significantly polluted, efforts to reduce pollutant discharge should be
established and clarified with the municipality office”. The MSS in Sandnes
is partly funded by The Research Council of Norway, through a project called
“New multistage concept for treatment of road water”, with the objective of
improving “Best Available Technology” for stormwater treatment (Research
Council of Norway, 2019).

2.3.2 Tracer studies

Different reactor types can be used to describe flow and hydraulics. Two
examples of reactor types are plug flow reactors (PFR) and complete-mix
reactors, commonly referred to continuous flow stirred tank reactor (CFSTR)
(Levenspiel, 1999; Tchobanoglous et al., 2014). These represent two extremes
of mixing conditions, but most reactors have conditions somewhere in between.
To better understand hydraulic behavior in reactors, scientists and engineers
use residence time distribution curves (RTD), obtained from tracer studies.
According to a report by the U.S Environmental Protection Agency, tracer
studies are considered “the most reliable and efficient method” for analysis

10
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Figure 2.3: A tracer study setup for experimentally determining the tracer
response curve for a pulse tracer injection, adapted from
Tchobanoglous et al. (2014, p. 1360) and EPA (1986).

of surface and subsurface hydraulic systems (EPA, 2002). Principally, an
aquatic tracer study is performed by adding a tracer, such as a dye or other
chemical, to the inlet pipe of the system, and measuring the tracers arrival
in the effluent continuously for a given period of time. Measurements can
be made by collection series of grab samples or instrumental methods. The
measurements result in a tracer test response curve, known as the C-curve,
and is plotted as exit concentration versus time. A C-curve is commonly
normalized to produce an RTD curve, often referred to as an E-curve, for
further analysis (Tchobanoglous et al., 2014). Figure 2.3 shows a tracer study
setup for a pulse injection of tracer, with the resultant C-curve.

2.3.3 Analysis of the residence time distribution

RTD analysis for reactor characterization was first introduced by Danckwerts
(1953). Analytical tools for interpreting flow-regimes mainly distinguish
between the PFR and CFSTR (Levenspiel, 1999). An ideal CFSTR, shown
in Figure 2.4a, will achieve instantaneous mixing across the entire reactor as
water enters. With steady-state conditions, the RTD is characterized by an
exponential decaying curve. Ideal PFRs on the other hand, have minimal
longitudinal mixing and are associated with high length-to-width ratio tanks
as illustrated in Figure 2.4b. In a PFR, water and its dissolved constituents
travel uniformly from inlet to outlet, with no dispersion (Tchobanoglous et al.,
2014).

In practice, reactors seldom have ideal flow conditions. Non-ideal flow
analysis is done by evaluating how far it deviates from the ideal situation
(Levenspiel, 1999). Headley and Kadlec (2007) state that the degree of non-
ideality is mainly driven by velocity profiles and mixing. Figure 2.4 also

11
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Figure 2.4: Definition sketch of ideal reactors and their respective tracer
response curves: (a)CFSTR and (b)PFR as illustrated in
Tchobanoglous et al. (2014, p. 25).

shows the C-curve obtained from a tracer study. For the PFR, the ideal
output response shows how effluent tracer concentration should be equal
to the influent concentration Cjy. The HRT, occurring at the concentration
peak, should be equal to the theoretical detention time (Tchobanoglous et al.,
2014). Nonideal PFR C-curves are shown as bell-shaped curves, ie. Gaussian
distribution, due to axial dispersion, as shown in Figure 2.4b.

Steady-state is an important assumption for the ideal PFR flow regime,
whereby inflow is equal to outflow, and constant over time. Analytical
methods for RTD analysis of variable flow patterns have been proposed in
several studies, especially in the field of constructed wetlands (Werner &
Kadlec, 1996). Although the MSS is not a constructed wetland, it serves
the same purpose for water treatment and detention. For analysis purposes,
constructed wetlands are thought of as treatment reactors, which makes the
hydraulic analysis method relevant for systems such as the MSS.

In a recent review, Stephenson and Sheridan (2021) present various
techniques and models for tracer study analysis in constructed wetlands for
stormwater treatment. The review offers a guide for investigating and
modelling hydraulic characteristics, presented as a decision-making tree
shown in Figure 2.5. According to this guide, the method of moments
(MOM) and the tank-in-series (TIS) model are appropriate techniques for
characterising the hydraulic of the MSS. In addition, the convection model of
laminar flow(LCF) from Levenspiel (1999) may be useful. The TIS and LC
are both examples of modelling the tracer response curve. Essentially,
modelling is a curve fitting practice. The objective is to produce a model
which best portray the tracer response curve for the tested system. The
preceding techniques for analysis are further elucidated in the sections to
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Figure 2.5: Decision-making tree for choosing hydraulic modelling technique
from Stephenson and Sheridan (2021).

follow, after a brief distinction of laminar and turbulent flow regimes.

2.3.4 Laminar and turbulent flow

As mentioned previously, types of flow is often categorized as either turbulent
or laminar. The flow regime is influenced by the resistance of flow, which is
determined by Reynolds number, Ng (Tchobanoglous et al., 2014):

Np = — (2.15)
which shows how water velocity, v, hydraulic radius, R, and kinematic
viscosity, v influences the local velocity profile through the cross sectional
area of a pipe. Equation 2.15 assumes full pipe flow conditions, while the
following equation accounts for open-channel flow where water flows with a
free surface:

B 4uR

v

Ng (2.16)

with terms defined previously.
Laminar flow is preferred for effective sedimentation (Astebgl & Hvitved-
Jacobsen, 2014). Laminar flow occurs at low velocities, where the fluid is
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(a) (b)

Figure 2.6: Flow types in a pipe, categorized as (a) Laminar flow and (b)
Turbulent flow.

thought to be sectioned in parallel layers, without lateral mixing. Layers
towards the middle of the pipe has a higher velocity than layers closer to the
pipe wall, as seen in Figure 2.6a.

Turbulent flow normally has higher velocity. Fluid velocity is thought to
continuously change direction and magnitude, as seen in Figure 2.6b.

As stated in Section 2.2 the following ranges of Ni determine the flow
regime: Laminar flow (Np < 1), transitional flow (Ng = 1 to 2000) and
turbulent flow (Nr > 2000). Various engineering resources report different
limit values for flow regimes, but a Ny below 2000 is generally accepted as
laminar flow conditions (Engineering ToolBox, 2004).

2.3.5 Convection model of laminar flow

In an ideal PFR, all fluid particles move through the reactor with the same
velocity, and have the same HRT. When the flow regime is laminar, fluid
particle velocities are distributed with a parabolic profile as shown in Figure
2.6a, with fastest flowing fluid in the center. The response curve of an ideal
laminar plug flow is highly dependent on how tracer is introduced into the fluid
and how it is measured, which are divided into flux and planar introduction
and/or measurement. These are shown as four combinations in Figure 2.7.
Levenspiel (1999) introduces a convection model for laminar flow, where
each fluid velocity from the parabolic profile present an individual residence
time as shown in the RTD in Figure 2.8. Flux conditions apply when the

Flux « flux Flux » planar Planar « flux Planar « planar

Figure 2.7: Four combinations of tracer input and output measurement
from (Levenspiel, 1999, p.342).
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tracer concentration is centered in the cross-sectional area. If the tracer
is evenly distributed over the cross-sectional area, planar conditions apply
(Levenspiel, 1999).

Modelling exit curves from laminar convection flow

The modified equations on the next page are used to model the C-curves of
the different input-output combinations (Kommedal, 2022; Levenspiel, 1999,
p. 343). These can be further used to compare and fit to C-curves from tracer
data, as means to estimate the hydraulic residence time, shown as 7 in the
equations. 7 will be comparable to t,,, mean residence time, from measured
tracer data.

M; 7
= — . — 2.1
)= o (217)
for Flux;,, to Flux,y.
M; 72
)= — — 2.1
for Flux;, to Planar,,t and Planar;, to Flux,,;.
M, T
Ot)=—=-— 2.19
=5 (219)

Laminar flow PFR

40 — Flux -> Flux

35 — Flyx <-> Planar
o v —— Planar -> Planar
=
E
.,
20 20
£ 15
2 10

3 e

0

Q 1 2 3 4 3
t [h]

Figure 2.8: Tracer response curves for laminar flow in pipes. The different
output curves change depending on various tracer input and
output measurement, retrieved from Kommedal (2022).
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2.3.6 Method of moments analysis

Three parameters are determined from RTD data in the MOM technique
(Stephenson & Sheridan, 2021); tracer mass recovery, mean residence time
and variance. These represent the zeroth, first and second moment of the
tracer response curve.

The zeroth moment is the tracer mass recovery, M,,;, which can be
calculated by the following equation (EPA, 2002; Stephenson & Sheridan,
2021):

Mout - /t Qout(t>Cout<t)dt - Z Qout(t>cout<t)At (220)

where Qo (t) is the volumetric outflow rate of water at time t, Cyy(t) is the
outlet tracer concentration and At is the time difference between
measurements. An important requirement for a tracer test to be valid, is
that the tracer should be recovered close to its entirety at the outlet. Kadlec
and Wallace (2009) refer to tracer recoveries above 80% as acceptable for
wetland tracer studies. In addition, the quality of a tracer test can be
determined by an accuracy index, A; (EPA, 2002; Sukhodolov et al., 1997):

= M - fOt Qout (1) Cout(t)dt

Ap N,

(2.21)
where M is the total mass of tracer injected. As A; approaches 0, the quality
of the tracer test increases.

The equations for the first and second moment are reproduced from
Tchobanoglous et al. (2014, p. 1933-1935), as described by Levenspiel (1999,
p. 262). Normally, the E-curve (RTD) is analysed. In this thesis, however, the
C-curve will be applied for the analysis, with equations modified accordingly.

The first moment is the centroid of the tracer response curve and is referred
to as the mean residence time, ¢,,. It describes the average amount of time a
fluid particle have spent in the reactor, and is calculated as follows:

JootC(t)dt

YR (2.22)

b =

where C(t) is tracer concentration at time ¢. From a tracer experiment with
defined series of discrete time step measurements, t¢,, can be approximated to:

b A
ST CiAL

(2.23)
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where t; is time at ¢th measurement, C; concentration at ith measurement
and At; is the time difference of sample frequency

The second moment, or variance, describes the spread of the tracer as it
flows through the reactor, and is given by:

s o (t—=02Ct)dt [T CO(t)dt @)
g, = %) = = . c
CTTCwd o
The variance gives an indication of the global mixing in the system (Stephenson

& Sheridan, 2021). Experimentally, the variance can be approximated as
follows:

(2.24)

t2C; At

Several tracer studies also include the parameter of effective volume ratio,
e, when using the MOM technique. e is described by the ratio between mean
residence time and nominal residence time(Bodin et al., 2012; Bodin et al.,
2013; Lavrni¢ et al., 2020; Persson & Wittgren, 2003):

(2.25)

tm Vveffective
tn %otal ( )

where t,, is the theoretical residence time, given by system volume divided by
flow rate (V/Q).

Longitudinal Dispersion

The degree of mixing in a system is described by dispersion. As fluid flows
through a reactor, some mixing occurs along the flow path. With a tracer test,
the rate at which the tracer spreads out along the flow path can be determined
from the variance of the tracer curve. Equations 2.27-2.30 are reproduced
from Tchobanoglous et al. (2014, p. 1944-1945). A unitless dispersion number
can be approximated from the variance and retention time:

2 2
‘t’_; ~2d = d~ 2075; (2.27)

Tchobanoglous et al. (2014, p. 1945) provide the following list of dispersion
numbers and how they relate to degree of axial dispersion in wastewater
treatment facilities:

No dispersion d = 0(ideal plug-flow)
Low dispersion d=<0.05

Moderate dispersion d = 0.05 to 0.25

High dispersion d=>0.25
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For low dispersion, an axial dispersion coefficient is estimated from the
unitless dispersion number:
D
vl
where D is the coefficient of axial disperson, L is the characteristic length

of the tank and v is the fluid velocity. For large dispersion, however, axial
dispersion is determined from the mean and variance as follows:

o2 D D\?
B = 2= +8 (U—L) (2.29)

d (2.28)

According to Tchobanoglous et al. (2014), the Peclet number of
longitudinal dispersion can be further used to characterize the mixing regime
from advection and dispersion. If the Peclet number is significantly greater
than 1, advection is the primary element of transport. If the number is
significantly less than 1 on the other hand, dispersion is considered the
primary transport mechanism. For variable flow systems, Persson and
Wittgren (2003) points out that the Peclet number is sensitive to changes in
water depth. The Peclet number, P,, is given by the following equation:

1

P, = ¥ (2.30)
Shown above, longitudinal dispersion is described by the variance, with
related parameters such as the dispersion coefficient and the Peclet number.
Various calculation methods of these parameters exist, in addition to those
presented here (Persson et al., 1999). Different calculation methods and
assumptions make relevant comparisons across tracer studies challenging. In
a practical guide for conducting tracer studies in wetlands, a dimensionless
variance, o3 is presented to represent the mixing conditions (Headley &

Kadlec, 2007):

op = (2.31)

3% | oqw

The preceding parameters obtained from the variance, are used to describe
mixing, dispersion and velocity profiles. It should be noted that RTD curves
(or C-curves) from tracer tests often display a long exceeding tail, with very low
concentrations. Such a long tail have a high influence and overestimates the
variance. Headley and Kadlec (2007), among others, propose an alternative
approach by which the variance is computed from a model of the response
curve, in order to minimize the high sensitivity of the long tail. One such
model is the TIS-model.
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2.3.7 Tank-in-series modelling

Hydraulic behavior of reactors rarely fulfill the flow patterns of an ideal
PFR or a CFSTR (Levenspiel, 1999; Tchobanoglous et al., 2014; Werner
& Kadlec, 2000). Characterization highly relies on the degree of deviation
from these ideal models. One model widely used for modelling hydraulic
behavior of wetlands and other reactors is the TIS model (Bodin et al., 2012;
Levenspiel, 1999; Stephenson & Sheridan, 2021). When N numbers of equally
sized CFSTR tanks are connected in series, the degree of CFSTR and PFR
behavior can be described by the number N. If N=1, the reactor behaves
like a CFSTR, while N approaching infinity means ideal PFR behavior. The
number N can be used to characterize mixing; low N indicates high mixing,
while higher NV values constitute lower degree of mixing. The TIS-model
display a gamma distribution of residence times, and is given by the following
equation from Levenspiel (1999, p. 325), modified by Kommedal (2022):

C(N,t) = (‘]]\\f—_cf), (;) -2 (2.32)

where N is the number of reactors, Cj is pulse-injection concentration, 7
is the total retention time for all N reactors. From tracer data, N can be
quantified by (with terms specified previously):

_ tm

N = (2.33)

o?
Persson et al. (1999) use N and e to determine the hydraulic efficiency, A,
which is commonly used to compare designs of constructed wetland:

_ LY _ &
A=c¢ (1 N) -7 (2.34)

where ?,, is the time of peak, or maximum tracer concentration and ¢, is
nominal residence time. According to Persson et al. (1999), hydraulic efficiency
is classified as poor (A <0.5), satisfactory (0.5< A <0.75) and good (A >0.75).
One advantage of the A-parameter is that it avoids the problem of uncertainty
related to long residing tails in tracer response curves (Bodin et al., 2012;
Persson et al., 1999). Persson et al. (1999) suggest the hydraulic efficiency be
used as a parameter to compare shape, inlet/outlet locations and inlet/outlet
type for treatment ponds. Although the A-parameter is commonly used to
compare and evaluate treatment performance of constructed wetlands, there is,
to the authors knowledge, limited studies on how hydraulic efficiency related
to pollution removal by sedimentation. Nevertheless, the determination of
hydraulic efficiency of the MSS could still be useful for future studies.
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2.3.8 Non-steady state analysis

In the previous sections, the analysis techniques for tracer tests assume steady-
state conditions, and the C-curve is used to determine mean residence time,
variance with related dispersion and or mixing parameters, and tracer mass
recovery. The C-curve is affected by mass of tracer introduced, system volume
and flow rate, which makes it challenging to compare with other systems,
or the same system under different conditions Headley and Kadlec (2007).
Therefore, the curve is normalized to an RTD curve with dimensionless axes.
The standard method for normalisation is described by Levenspiel (1999).
It is, however, developed for steady-flow systems. Stormwater detention
tanks, such as the MSS, are characterized by variable inflow and outflow
driven by rainfall events (Raimondi & Becciu, 2017). The variable nature of
rainfall causes a continuous process of filling and emptying, and the dynamic
flowrates influence the shape of the RTD-curve, which risks a distortion of the
actual effect of mixing or dispersion. Analytical methods for RTD analysis of
variable flow patterns have been proposed by Werner and Kadlec (1996) and
will be presented here.

Principally, the normalising procedure of Werner and Kadlec (1996)
removes time from the x-axis. Now, tracer progress on the RTD curve follows
the funcion of the proportion of wetland volume flowing through the system.
With this volume-based method, tracer studies on both steady and
non-steady flow systems can be directly compared.

Varying flow patterns causes the volume of the system to vary over time.
Werner and Kadlec (1996) uses tracer mass averaged volume, V,,, to determine
an average system volume:

V — V — fOOO<MOut - mout)v:‘,(t)dt
SYs m fooo (Mout — mout)dt

where M,,; is the total tracer mass leaving the system, m,,; is the mass
of tracer leaving the system between time increments and V;(¢) is the time
average volume:

(2.35)

[V (t)dt

Vilt) = -

(2.36)
where V' (t) is the system volume at time ¢. Now, the normalised concentration,
C't, can be plotted as a function of the dimensionless flow weighted time, ¢,
referred to as the “flow-weighted time RTD function”, C’(¢):

Ct)Vays

C(¢) = (2.37)
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where ¢ is defined as the ratio of total volume of water exciting the system,
V;)ut and V:eys:

‘/out

V:sys

With the normalised RTD function, C'(¢), the zeroth (M), the first (M)
and the second (M;) moment of the system can be determined by Equations
2.39-2.41. M gives the fraction of tracer mass recovered:

M= [ o (2.39)

M7 is the centroid of the RTD function:

¢ = (2.38)

M = / o0 (9)do (2.40)

0
M represents the variance, ie. the spread of the RTD function:

M; = /0 (60— MY (9)do (2.41)

Ideal conditions of the normalized RTD function is when Mj=1, M;j=1 and
M;=0. Any deviations are used to characterized the hydraulic efficiency
(Werner & Kadlec, 1996).

Theoretically, My=M;j=1 for a normalised RTD with a conservative tracer
with no dead zones. For ideal plug flow conditions, M5=0 with no longitudinal
mixing. Thus, deviation from the ideal scenario can be used to evaluate the
hydraulic behavior of the system (Holland et al., 2004; Werner & Kadlec,
1996).

In an attempt to find an index-value with correlation to pollutant removal,
Wahl et al. (2010) proposed the use of a moment index, M I, based on the
volume-based RTD analysis with promising results. The M1 is derived to
avoid reliance on residence time, time-to-peak and variance, which can come
short in distinguishing variation. A full elucidation of M equation will not
be given here, but can be found in Wahl et al. (2010). The equation is given
as:

MI=1- /0 (1 - ¢)C"(¢)db (2.42)

Headley and Kadlec (2007) encourages the adoption of the volume based
RTD approach as the standardised method for tracer study analysis, and
several studies have answered the call (Aylward et al., 2019; Bodin et al.,
2012; Guo et al., 2019; Holcova et al., 2009; Holland et al., 2004).
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Figure 2.9: C-curves of misbehaving plug flow reactors from Levenspiel
(1999, p. 288), (a) correct mean, (b) mean too early, (c)
multiple decaying peak, (d) double peaks and (e) late curve.

2.3.9 Qualitative tracer curve analysis

The previous section demonstrated the foundation for a quantitative data
analysis from a tracer study. A C-curve may also be evaluated qualitatively,
as the shape of the C-curve may indicate how the hydraulics diverge from
ideal conditions. In Figure 2.9, Levenspiel (1999) illustrates selected C-curves
for diagnostic purposes under steady-state flow conditions. The shape of
the C-curve depends upon character of the tracer, prevailing flow conditions
and the physical design of the hydraulic system (EPA, 2002). With flow
conditions in mind, the C-curve show how the shape is affected by faulty
flow and Levenspiel (1999) provides suggestions why. Stagnant backwaters
is indicated by an early peak, multiple decaying peaks is a sign of strong
internal circulation and double peaks may suggest parallel flow paths. If the
peak, or mean residence time, is late, Levenspiel (1999) suggest method or
assumption errors in the tracer study.

2.3.10 Influence of hydraulic behavior on settling
efficiency

The hydraulic conditions within a stormwater treatment reactor can affect
the particle removal efficiency. Tchobanoglous et al. (2014) identify eddy
currents, thermal convection currents and density current as factors which
reduce sedimentation efficiency with respect to T'SS removal. These conditions
are examples of inadequite mixing, leading to the presence of dead zones,
recirculation and parallel fluid channels separated by density properties of the
fluid. An example of such conditions are shown in Figure 2.10. Water velocity,
and thus the HRT, can be a determining factor in the removal process of

22



Theory

Dead space

Dead space Density currents

Figure 2.10: Example of non-ideal flow conditions in a PFR, as illustrated
in Tchobanoglous et al. (2014, p. 1952).

sedimentation, and is highly influenced by short-circuiting and dead-zones
(Headley & Kadlec, 2007). Bodin et al. (2012) highlights shape, inlet and
outlet location, and inlet design as examples of features that can affect
hydraulic behavior, and thus influence settling efficiency in a sedimentation
tank. Astebgl and Hvitved-Jacobsen (2014) also emphasize that the treatment
efficiency is connected to not only the HRT, but also mixing at the inlet and
if the system has turbulent or laminar flow. Poor design of treatment tanks
such as the MSS could result in inadequate mixing and dispersion, which
could lead to insufficient treatment with respect to water quality standards.
The hydraulic behavior of the MSS will be characterized through a tracer
study.

2.4 Rhodamine WT as a tracer in aquatic
tracer studies

Rhodamine WT (RWT) is a fluorescent dye commonly used in tracer studies,
which is an acknowledged method used to characterize the movements of water
and its constituents in both natural and engineered systems. Characteristics
of the aquatic system, tracer properties and environmental risks must be
considered thoroughly when designing a tracer study. RW'T may not always
be the best suited tracer. The following review will present an overview
tracer study characteristics, physio-chemical properties of RWT, information
on toxicity and finally evaluate RWTs suitability for some common aquatic
tracer studies. Several tracers have been used successfully in tracer studies,
but Tchobanoglous et al. (2014) highlights fluorescein, Rhodamine B and
RWT as the most common dye tracers. The following section will further
discuss what makes RWT a relevant dye tracer for the planned experiment in
this thesis.
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2.4.1 Properties Rhodamine WT

RWT is a xanthene dye with fluorescent properties. It has long been a
desirable water tracer due to its water solubility, strong fluorescence at low
concentrations, low toxicity and low price. It must not be mistaken for
Rhodamine B, which is also a fluorescent tracer, but is less water soluble,
more toxic and less conservative than RWT (Fernald et al., 2001; Gooseff
et al., 2005; Rowinski et al., 2008; Skjolding et al., 2021). The dye is
also easily measured in the lab, by hand-held instruments in situ and now
also by unmanned airborne vehicles (Johansen et al., 2022). Even without
instruments, RWT can be observed with a distinct red/pink color. Figure
2.11 clearly shows the bright pink color of RWT dispersed in the surf zone
at Imperial Beach, California (Clark et al., 2014). When exposed to light of
the appropriate wavelength, RWT exhibits fluorescence. The excitation and
emission wavelengths are 558 nm and 583 nm respectively, as shown in Table
2.2. There has been an increased use of RWT as tracer due to instrumental
advances within fluorometry (Baek et al., 2019; Clark et al., 2014; Runkel,
2015; Skjolding et al., 2021). Although tracer studies using RWT may have
the purpose of implementing environmental protection measures, RW'T could
also be a contaminant of environmental risk. Toxicity, environmental quality
standards and degradation of RWT must be considered prior to application
in tracer studies.

Environmental impact
To evaluate the impact on the environment, some information about

bioaccumulation and bio-degradability is useful. A literature search by

Table 2.2: Physio-chemical properties of RWT (National Center for
Biotechnology Information, 2022; Skjolding et al., 2021; Tai &
Rathbun, 1988).

Property RWT Unit
Water solubility 18-20 %
Excitation/emission peaks  558/583 A
logKow -1.33

pKa 2.8

Half life in water summer 15.3 days
Half life in water winter 21.9 days
Photolysis summer 4.77 x 1072 per day
Photolysis winter 3.16x1072  per day
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Figure 2.11: RWT released at Imperial Beach, California. Clark et al.
(2014) used RWT to study dispersion and transport in the
surfzone near shore.

Skjolding et al. (2021) did not provide any data on RWTs bioaccumulation or
biodegradability. However, as seen in Table 2.2, RWT has a low lipophilicity
(logKow < 3), which means it will not readily diffuse across cell membranes
to bioaccumulate (National Center for Biotechnology Information, 2022).
Skjolding et al. (2021) also reports RWT to be fully ionized at pH > 6,
ensuring an even lower lipophilicity at relevant pH values in the environment.

Although there is no available data for the biodegradation, RWT decay
by photolysis, and rate coefficients were found at a range from 4.77 x 1072
per day for summer and 3.16x1072 per day during winter (Tai & Rathbun,
1988). Up until recently, ecotoxicological data for RWT has been limited.
Some studies have tried to address its environmental safety (Behrens et al.,
2001; Field et al., 1995; Parker Jr, 1973; Rowinski & Chrzanowski, 2011), but
these studies do not meet the requirements to present regulatory measures. In
order to qualify as regulatory threshold limits, such as Environmental Quality
Standards (EQS), standardized ecotoxicity tests must be performed (EC,
2018). Skjolding et al. (2021) thus applied a series of short-term standardized
toxicity tests across the needed range of trophic levels and were able to
determine limit values of RW'T to ensure the protection of aquatic species
against effects. These toxicity tests resulted in a PNEC of 91 pg/L which was
used to estimate EQS values of annual-average quality standard (AA-QS) and
maximum allowable concentration quality standard (MAC-QS), respectively
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Table 2.3: Predicted no effect concentration (PNEC) and estimated
environmental quality standards (EQS) of RWT (National
Center for Biotechnology Information, 2022; Skjolding et al.,

2021).

Environmental quality standards Value Unit
PNEC,, 91  pg/L
AA-QS 91  pg/L
MAC-QS 910  pg/L

>91 pg/L AA-QS and >910 ug/L MAC-QS as reported in Table 2.2. MAC-
QS is highly relevant for tracer studies, as this represents short, intermittent
exposures with duration lower than 24 h.

An appropriate design of a tracer study using RWT can now apply
established toxicity threshold limits and environmental quality standards.
However, several studies have shown that RW'T present some challenges
related to sorption.

Sorption limitations

According to a review study by Runkel (2015), RWT has traditionally been
considered nominally conservative. As early as 1968, Wilson et al. (1986)
stated RWT was “reasonably stable” with “low sorptive tencency”. The same
work did, however, indicate that sorption of RWT would be a critical factor
for groundwater tracer studies. In fact, several ground water studies have
applied RWT as a surrogate for organic contaminants due to its sorption
behavior. (Everts & Kanwar, 1994; Sabatini & Austin, 1991). The following
paragraphs will give a brief summary of the findings of Runkel (2015), which
suggest RWT display a differing grade of conservative behavior depending on
the system to be studied.

When considering the adsorption properties of RWT, it is necessary to
distinguish between which hydraulic processes the tracer study is meant to
describe. Runkel (2015) describe three different applications of tracer studies:

i. Traveltime studies: To quantify time of travel in rivers, streams,
wetlands or other engineered reactors in order to estimate parameters
such as residence time of the water in the system (Fall et al., 2012;
Keefe et al., 2004; Rivord et al., 2014)

ii. Hyporheic zone and transient storage studies: To quantify and
characterize how water by the streambed interacts with overlying
surface water (Gooseff et al., 2005).
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iii. Groundwater systems: RWT is used as a tracer to mimic the sorption
of organic contaminants in the groundwater (Mukherjee et al., 2005)

Some of these hydraulic processes are more affected by adsorption of
RWT than others. Several studies have documented adsorption of RWT by
checking the mass recovery (Lin et al., 2003; Ruehl et al., 2006; Writer et al.,
2012). The loss of RWT mass during these experiments is mainly attributed
to adsorption. Photochemical decay, as indicated in Table 2.2, have minimal
consequence during the time scale of the experiments (Lin et al., 2003; Smart
& Laidlaw, 1977). Coinjection studies have compared results achieved by
using both RWT and bromide as tracers reporting a lower mass recovery by
RWT than bromide (Cox et al., 2003; Dierberg & DeBusk, 2005; Lin et al.,
2003; Ruehl et al., 2006). Despite lower mass recovery of RWT, Runkel (2015)
points out that the tracer response curve showed close correspondence with
bromide, which allowed for precise estimation of residence time in traveltime
studies. The same correspondence did not hold true for tracer curves in
coinjection studies for quantifying the hyporheic zone. Bencala et al. (1983)
found the RWT concentration peak to be 55% lower than expected from a
chloride tracer, and Mukherjee et al. (2005) also had “dramatically different”
estimations from RW'T and bromide for storage zone transport in streams.

Adsorption influences the results of hyporheic zone studies significantly
because RWT has increased contact with sediments. Runkel (2015) suggest
the storage zones of water mass by the streambed has more time to interact
with solid surfaces making it more affected by sorption. Traveltime studies
on the other hand, mostly relies on tracer mass transported by the advective
channel and the large volume of water to surface area ratio limits adsorption
of RWT to sediments. To illustrate, Runkel (2015) uses the tracer response
curve, as described in the previous section, to explain that the hydraulic
parameters of a traveltime study is depicted from the bulk of tracer mass
represented by the part of the curve preceding the tail, while hyporheic zone
studies rely on the tracer mass in the tail of the tracer curve.

Several studies report an increase in RWT sorption with increased organic
matter content (Dierberg & DeBusk, 2005; Lin et al., 2003; Smart & Laidlaw,
1977). It does not, however, justify the assumption of conservative behavior
of RWT in systems with minimal presence of organic matter (Runkel, 2015).
RWT can also adsorb onto inorganic sediments and materials such as silica,
sand and metal oxides (Bencala et al., 1983; Kasnavia et al., 1999; Shiau
et al., 1993).

The preceding paragraphs have shed some light on how RWT may be
considered both conservative and non-conservative depending on hydraulic
system to be studied. Runkel (2015) distinguishes particularly between
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traveltime studies for estimating residence time and characterizing physical
parameters of hyporheic zone processes. Conservative behavior of RWT
may be assumed for traveltime studies, but not for hyporheic zone processes.
Runkel (2015) provide an example of proper use of RWT; to estimate the
HRT for the purpose of nutrient uptake in constructed wetlands. Such an
example is highly comparable to the process in the MSS, where residence
time is an essential design parameter for the settling of particles.

2.4.2 Rhodamine WT as tracer for sedimentation tank
analysis

RWT is clearly a popular dye tracer for aquatic tracer studies for several
reasons. The tracer is considered cheap and its fluorescent properties allows
for acceptable concentration detection even at low concentrations. Recent
improvement in instrumental measuring technologies for fluorescence in situ
has increased the interest for RWT. Factors related to environmental risk
and adsorption have to be considered before moving forward with RWT as a
tracer in a stormwater sedimentation facility. Threshold limits for EQS are
estimated to 91 ug/L (AA-QS) and 910 ug/L (MAC-QS) (Skjolding et al.,
2021). Thus, concentrations less than 910 mug/L of RWT will not pose a risk
to aquatic life during the proposed tracer experiment. Adsorption of RWT
is influenced by type of aquatic system to be studied, mainly depending on
how close and for how long the tracer interacts with solids such as sediments
in the stream. Runkel (2015) concludes sorption will minimally affect the
estimation of hydraulic parameters such as residence time. The tracer study
for the stormwater sedimentation facility involves a traveltime study with
the main purpose of estimating residence time. In light of the preceding
discussion, RW'T is a justified choice of tracer for our study.

2.4.3 Fluorescence: Instrumental analysis of RWT

In situ monitoring of RWT during the tracer study will be performed with a
fluorometry sensor. Understanding what fluorescence is, how the technology
works and its limitations is essential for ensuring precise methodology and
data analysis.

The EXO Total Algae Phycocyanin Smart Sensor (TAL-PC) is designed
to detect fluorescence in the algae pigments of phycocyanin (PC) (YSI, 2020).
Fluorescence is explained by excitation and emission of energy. When a
fluorescent substance, such as RWT or PC is exposed to a light source of a
particular wavelength, electrons are excited which puts the substance in a
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Figure 2.12: Fluorescence principle of the TAL-PC sensor. Retrieved from
YSI webinar series (Smith, 2019).

higher energy state. When the electrons return to normal position, energy
in the form of light is emitted (fluoresced). Each fluorescent molecule has a
specific excitation and emission spectra, a principle utilized in instruments
for analysing fluorescence (Wilson et al., 1986). The TAL-PC sensor uses
orange LED light to excite electrons at wavelength 590 £+ 15 nm, and the
sensor is set to detect emission wavelengths of 685 4+ 20 nm (YSI, 2020), as
illustrated by Smith (2019) in Figure 2.12.

Although the sensor is developed for the pigment PC, it can still detect
fluorescence of RWT as the excitation and emission spectra of RWT overlaps
with sensor detection range (Smith, 2018).

Measurement errors

Tracer concentration measurements consists of two parts; true tracer
concentration, C'y, and measurement error concentration, C., as described by
the following equation (Field, 2020):

C=> Cr, +C, (2.43)

=1

Measurement errors can be separated into two groups: systematic errors
associated with the analytical instrument, and random errors which are a
result of factors which cannot be predicted. Random errors can be revealed
by repeated measurements. Systematic errors can be related to instrumental
drift, miscalibration and sensor fouling. These errors are inflicted on all
measurements, in the same way and to the same extent and cannot be
revealed by repeated measurements (Field, 2020; Taylor, 1997). Instrument
calibration and validation according to standards is essential to minimize
systematic errors (EPA, 2002, 2017; Wilson et al., 1986). For a large-scale
tracer study, the variable and unpredictable nature of rainfall events, and
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Figure 2.13: Temperature-correction curves for RWT and other tracer dyes,
as seen in Wilson et al. (1986).

practical limitations of acquiring enough water, repeated measurements are
considered unrealizable. A statistical analysis will thus not be possible for a
tracer study of the MSS.

There are, however, other sources of error which adversely affect precise
concentration measurements: Temperature effect and background tracer
concentrations (EPA, 2002; Field, 2020). Wilson et al. (1986) states that
temperature is the most significant factor which influences fluorescence. Higher
temperatures increase fluorescent activity which can give higher readings.
Temperature effects can be accounted for in data analysis by using the
temperature-correction curve for RWT, presented by Wilson et al. (1986) in

Figure 2.13.
Water samples could contain some background fluorescence which must
be subtracted from measured fluorescence.  Before tracer injection,

background fluorescence should be monitored and analyzed. Ideally,
background levels should be recorded in advance, during and after the tracer
experiment. Background monitoring during the tracer study is problematic
as the tracer signal occurs on top of the background and obscures the
measurements. Field (2020) mentions spectral deconvolution as a potential
solution to this problem, but this is beyond the scope of this thesis. To
simplify calculations, a selected number of background measurements are
collected and averaged prior to tracer release. If low enough (a few pg/L),
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the final average background concentration, Cg, is subtracted from each
tracer measurement, C;, during the experiment, as described below (EPA,
2002; Field, 2020; Wilson et al., 1986):

C=> C—-Cs (2.44)
i=1
where C is considered the true concentration for further analysis, and
Ty = En: C (2.45)

Summarized, three steps are essential when taking fluorescence
measurements to minimize measurement errors: (1) proper instrument
calibration, (2) temperature correction for temperature difference between
calibration water and sample water and (3) background fluorescence
correction.

2.5 Thesis Objective

Stormwater detention tanks are designed primarily for flood protection,
whereby calculations are done to estimate the required detention volume of
increased stormwater load. These tanks also have the potential for pollution
protection through sedimentation of particles. With increased urbanization
and global warming, such facilities are essential in stormwater management.
Design guidelines for detention tanks are well established with respect to
water detention. However, clear design guidelines with respect to treatment
efficiency are lacking. The MSS has been designed for the dual-purpose of
detention and particle sedimentation. Previous studies have thoroughly
tested the MSS for performance in terms of pollutant removal under various
precipitation events (Bergseng, 2021; Gausel Lode, 2021). These studies give
information about the removal efficiency of the MSS, but they provide
limited data on how such a system could be optimized by design to improve
the removal efficiency. Hydraulic retention time, mixing and flow regime
should be characterized to determine the adequacy of reactor design to
identify potential reactor problems. Normally, the HRT is a determining
factor for treatment efficiency for sedimentation, and can be calculated
simply during steady-flow conditions of constant volume and flow. To the
authors knowledge, there are limited studies on hydraulic behavior of
stormwater detention tanks with conditions of variable flow. This is not the
case in the field of constructed wetlands, however, whereby methods have
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been adapted to analyse and compare wetlands of with different design
configurations and operational conditions of variable flow.

This thesis will use a tracer study to characterize the hydraulic behavior of
the MSS, as a step to identify factors for future design improvements. Tracer
study data will be analysed according to methods based on the assumption
of steady-flow conditions, in addition to presented methods for variable flow.
The application of different methods will be used to clarify which methods
are more appropriate for sound tracer data analysis of stormwater detention
tanks.
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3. Methods

This section presents a description of study site, instrument calibration, water
sampling in the field and the method for tracer curve analysis.

3.1 Site description

The underground modular settling tank, MSS, to be studied is located by the
regional highway Fv 505, in Sandnes, Norway. Stormwater from a catchment
of 1.44 ha, involving a four-lane road surface with a bridge and roundabout,
runs through three parallel settling tanks, each with a diameter of 2400 m
and length of 27.7 m. Combined, the system has a detention volume of 154
m? (Storm Aqua AS, 2021). A technical drawing of the facility can be seen
in Figure 3.1. Particle bound pollutants are removed through sedimentation
according to NPRA’s design handbook N200 (NPRA, 2018). Larger particles
and floatables are removed prior to the settling tanks in a 2500 mm manhole.
After treatment, the water from all three tanks are led into the same gully
pot. The water then flows through pipes into the river, Figgjovassdraget. A
more detailed system description can be found in Storm Aqua AS (2021).

The detention of water in the settling tank is controlled by a 50 mm outlet
pipe. As the outlet pipe in the discharge control manhole is smaller than
the inlet pipe (250mm), detention is achieved and observed by the rising
water level in the sedimentation tank. If the tank is completely filled with
water, the system will go into overflow and water will spill over a wall in the
discharge control manhole. The water level in the settling tank (2400 mm) is
at a minimum of 1350 mm, which is the outlet height.
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Figure 3.1: Technical drawing from Storm Aqua AS (2021).
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3.2 Materials

An overview of instruments and chemicals used is presented in this section,
along with instrument calibration and validation procedure.

3.2.1 Chemicals

RWT was used as tracer dye based on the evaluations made in section 2.4.
For the calibration curve, a strong working standard (10 000 ug/L) and a
weak working standard (100 pg/L) of RWT in distilled water were prepared
using RWT 20 % (w/v, Thermo Fisher Scientific, VWR: cat. no 446970010).
These were further diluted to make nine calibration solutions (see section
3.2.3. For the tracer experiments, 200 mL of the RWT 20% was used directly
for influent injection.

3.2.2 Analytical instrument

Tracer dye concentration was monitored by a YSI EXO1 sonde (YSI,Inc.),
installed by the outlet pipe of the settling tank. The YSI sonde was equipped
with an fluorescence sensor, a TAL-PC sensor and a temperature probe
resolving to £0.01°C. The sensor was calibrated for RW'T concentration as
described in Section 3.2.3. In addition, capable of resolving depth to +4 mm,
the YSI sonde monitored tank volume based on depth measurements.

3.2.3 Flowmeter

Two flowmeters (2150 Area Velocity Module, Teledyne ISCO)) were already
installed by the Norwegian Institute for Water (NIVA) at the MSS. One was
installed by the inlet, in a pipe leading into the first 2500 mm manhole, while
the other was installed by the final outlet, after the discharge control chamber.
Both monitored volumetric flow rate every 5 min.

Calibration

The TAL-PC sensor came with a manufacturer’s calibration method for RWT
with the purpose of correlating RWT with phycocyanin in algae, which was not
relevant for the purpose of this study. Calibration was performed according
to Operating Procedure (OP) for Dye Tracer Measurements (EPA, 2017),
with a series of nine RWT standard solutions, and was adapted with certain
recommendations from “Fluorometric Procedures for Dye Tracing” (Wilson
et al., 1986).
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In order to avoid RWT absorption by rubber and polyethylene, glassware
equipment was used where possible as recommended by Wilson et al. (1986).
RWT standard solutions were prepared volumetrically by diluting RWT 20 %
with distilled water. Pipetting was performed with Finnpipette F2 Variable
volume pipettes (Finntip 5mL, Thermo Scientific) and glassware 25 mL bulb
pipettes. Solutions were mixed with distilled water in glassware volumetric
flasks of 500 mL or 1000 mL. Each solution was transferred into a calibration
cup provided by the manufacturer for analysis with the TAL-PC sensor. Tap
water was used for the calibration blank. A complete overview of dilution
volumes and concentrations can be found in Appendix B, along with a more
detailed procedure description.

Each sample was immersed for one minute. Readings of PC-RFU, relative
fluorescence units, were recorded and plotted for a calibration curve in Excel.
The Excel linear regression analysis function was used to determine a linear
regression line, uncertainty, and limit of detection. The level of confidence
was set to 95%.

RWT concentrations were calculated using the linear regression with the
formula:

—b
Crwr = yT (3.1)

where a is the slope of the calibration curve, b is the y-intercept and y is the
RFU reading from the TAL-PC sensor.

The sensitivity, or limit of detection (LOD) of the TAL-PC sensor was
found using the following equation (Center for Biologics Evaluation and
Research, 2021).

s~ 47 2

where o is the residual standard deviation from the linear regression analysis
and a is the slope of the calibration curve.

Error propagation from calibration curve

For a measured concentration of Cryr, ¢ is the uncertainty (reported as
Crwr £ s¢), derived from the error propagation of the calibration line (Taylor,
1997):

6 Lyt
ba 1 a2

(3.3)
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Validation of calibration curve

As specified by the OP (EPA, 2017), the calibration was followed by a
verification procedure. Two randomly chosen RWT solutions with known
concentrations of 200 pg/L and 800 ug/L were prepared for REU measurement
in the calibration cup. The two solutions were also mixed for a third validation
solution of 500 ug/L. Concentrations were then calculated using the above
equation, and checked towards the known concentrations, in order to verify
if the instrument readings were within £10 % of the calibration standards
(EPA, 2017).

The linear regression analysis, limit of detection and results from the
validation analysis can be found in section 4.

3.3 Tracer study setup

Two tracer experiments were set up at the site in November and December
2022. Experiment 1 was performed during dry weather conditions, with a
pump providing constant inlet flow. Experiment 2 was done with rainfall
events providing varying inlet flow. Each experiment, tracer injection and
tracer sampling is described more detailed in the following sections.

3.3.1 Experiment 1

In order to minimize flow variables, experiment 1 was performed during
dry weather conditions, over the course of two days: November 14-15, 2022.
Settling tank 1 was selected as the tracer study reactor. A pump was installed
to pump water directly from settling tank 3, into the inlet of settling tank 1.
As soon as settling tank 3 was empty, the pump was moved to settling tank
2. Time of pump transfer was recorded to 14 min. Inlet flow was measured
manually before injection of tracer, and directly after pump transfer. The inlet
flow was measured manually with a stopwatch and a 250 L oil drum. The inlet
flowmeter was installed prior to the inlet of the pump, which excluded the use
of the inlet lowmeter. Pumping was stopped when settling tank 2 was empty,
while the tracer sampling continued until the water level stabilized below the
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Figure 3.2: Schematics of the tracer study setup at the MSS at Fv505,
Sandnes. The pump was used for experiment 1, but not
experiment 2. Position of tracer injection point and YSI sensor
remain the same for both experiments. Modified from Storm

Aqua AS (2021).

outlet and outflow stopped. Limited water access, cost, and minimal dry
weather conditions, excluded the possibility of replication.

3.3.2 Experiment 2

Experiment 2 was performed with rainfall events during December 20-22,
2022. Settling tank 1 was selected as the tracer study reactor, while tank 2
and 3 were closed by the inlet, in order to ensure enough inlet water to obtain
a complete tracer output curve. Inlet flow for the tracer study was driven by
rainfall events, and inflow rate was measured by the inlet flowmeter. Tracer
injection and sampling was performed as described in respective sections
below. This experiment relied on multiple precipitation events to complete
the tracer output curve, and due to the unpredictable time frame, replication
was not possible.
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3.3.3 Tracer injection

Mass of RWT injection was determined by the following considerations: (1)
RWT concentration in the mixing zone could not exceed the MAC-QS of
910ug/L, in order to avoid potential environmental risk in receiving streams,
(2) RWT concentrations should be sufficiently above analytical detection
limits.

In both experiments, 200 mL of RWT 20% was pulse-injected (within 4
min) by submerging a graduated cylinder with the RWT solution into the inlet
pipe for settling tank 1. The graduated cylinder was submerged and rinsed
with inlet water several times to ensure complete solution injection. Time
of tracer injection was considered short compared to theoretical residence
time of the system, which allowed for the assumption of negligible dispersion
between injection point and system feed.

3.3.4 Water samples

The dye was monitored in situ in the outlet pipe by use of the YSI sonde,
equipped with the TAL-PC sensor. The sonde was mounted into a fixed,
horizontal position in the outlet pipe of settling tank 1, as illustrated in Figure
3.3 and 3.4. Pictures of the setup can be found in Appendix C. A connected
datalogger (EXO Handheld Display, YSI, Inc.), logged fluorescence readings
every two minutes.

The outlet flowmeter recorded efluent flow every five minutes. Tracer
monitoring concluded when fluorescence readings reached background levels.
For Experiment 1, the tracer experiment concluded when the water level
stabilized and no flow was going through the reactor.

Outflow from——
_—

tank 1 — Y
.

Figure 3.3: Schematic illustration of EXO1 sonde mounted in outlet pipe
from settling tank 1.
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Figure 3.4: YSI sonde secured to steel bar.

Measurement errors

Tracer concentration measurements are affected by systemic errors and random
errors. Systemic errors were minimized by calibration and validation, as
described earlier in this chapter. Due to practical limitations, random errors
could not be accounted for by repeated measurements. Nevertheless, the effect
of temperature and background concentration were minimized as described
in the following section.

Correction for background and temperature

All fluorescent measurements were corrected for background measurements
after calibration of the instrument. Prior to tracer injection, background
fluorescence was recorded and averaged. The average background fluorescence
was subtracted from the fluorescence measurements during the tracer study.

Temperature correction factors were determined by the use of Figure 2.13
in section 2.4.2. Fluorescence measurements for continued used in the tracer
analysis were then given by

RFU; = T,y x (RFU,, — RFUp) (3.6)

where T¢y is temperature correction factor, RF'U; is corrected fluorescence
measurement, RFU,, is fluorescence measurement and RFUpg is average
background fluorescence measurement.
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3.3.5 Estimation of flow and volume

The MSS had a flowmeter installed by the final outlet after the discharge
control chamber which monitored discharge every five minutes. During both
experiments, the outlet lowmeter showed inconsistent behavior with spiked
noise during overflow conditions (i.e outliers). Some recordings were also
blank during the experiment, which limited the quality of data from the
flowmeter.

An alternative approach for discharge determination was proposed
through the principle of energy conservation, derived from Bernoulli’s
equation: Outflow, Q),,; was calculated according to the Torricelli formula for
flow through an orifice. This method is also suggested for flow estimation in
the design document for the MSS ((Odegaard, 2014; Storm Aqua AS, 2021):

Qout = cA\/2gH (3.7)

where ¢ is the orifice coefficient (0.36), A is the orifice(outlet pipe) cross-
sectional area (pipe diameter=50 mm), g is the gravity acceleration and H
is the height of liquid above the middle of the orifice. The recorded depth
from the YSI-sonde was used to calculate tank volume and flow at each time
increment. Inflow (Q;y,), and outflow (Q,,:) rates were used to estimate the
Qmean for determination of the nominal residence time (Lavrnié¢ et al., 2020):

Qin + @ouzf
Qmean = f

(3.8)
where Q,,; is the mean outflow rate from outflow estimations.

For Experiment 1, calculation of sedimentation tank volume was based on
water depth measurements. As the depth measurements were not calibrated
for true volume, a baseline was set according to max water depth when the
system was in overflow. During overflow, the MSS was full, and the water
depth was adjusted to the known diameter of the tank, 2.4 meters, and the
offset was used to all water level measurements.

In Experiment 2, depth measurements were adjusted according to the
offset found from the lowest water level with corresponding minimal system
inflow, with the assumption the water level was below the height of the
outlet (H=1.35 m). These data were further used to estimate outflow rate by
Torricelli’s formula, as described for Experiment 2.

Volume was determined with the formula for partially filled horizontal
cylinders with terms shown in Figure 3.5:

V=L (R20051 (?) —(R— Dwm) (3.9)
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Figure 3.5: Terms for a partially filled, horizontal cylinder.

where L is the length of the tank (27.7 m), D is the water depth inside the
tank and R is the radius of the tank (1.2m).
The depth and flow curve was plotted versus time.

3.4 Data analysis

The shape of produced C-curves were compared to PFR C-curves from
Levenspiel (1999) as shown in Figure 2.9, for a qualitative analysis. Then,
the tracer data from Experiment 1 was analysed with the different techniques
described in section 2.3; MOM-analysis, volume-based RTD analysis for non-
steady flow, the LCF-model and the TIS-model. Data analysis of Experiment
2 only involved the volume-based RTD analysis. The nominal retention
time (¢, = V/Q) and Reynolds number (Ny) were estimated by using the
average Vs, and Qpeqn from flow estimations. The hydraulic characterisation
parameters were used to describe the flow regime, hydraulic retention time,
mixing and short-circuiting and were further evaluated towards effect on
sedimentation.

3.4.1 Method of moments

Tracer sampling data was used to plot a C-curve. Tracer test quality was
evaluated based upon tracer mass recovery and the accuracy index.
Hydraulic characterisation of mean residence time (t,,), variance (o?),
dispersion coefficient (D) and the Peclet number was done with equations

listed in Section 2.3.6. Where necessary, fluid velocity, (v = Q/A), was
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calculated from @Qeqn and cross-sectional area of Vi,,. Equations for
MOM-analysis are summarized in Table 3.1.

3.4.2 Volume-based RTD

The C-curve was normalised according to the volume-based RTD approach,
and the new dimensionless RTD, C’(¢), was plotted versus flow weighted
time, ¢. Furthermore, the zeroth, first and second moment, along with the
dimensionless variance was calculated as summarized from the bottom in
Table 3.1. Background for calculations are found in Section 2.3.8.

3.4.3 Models and curve fitting

Both the LCF-model and TIS-model was produced by using the sum of
squared errors (SSQE) to find the best fit to the tracer response curve. The
SSQE minimized the difference between model concentration(C,, (7)) and
measured concentration (C'(t) of tracer:

SSQE = (C(t) — Cw(t))? (3.10)

Input hydraulic parameters for the models were estimated with The Solver
application in Microsoft Excel. The Solver was set to minimize the SSQFE by
changing the model input values of mean residence time (t,,) for the laminar
convection model, and also the number of tank in series, N, for the TIS-model.
N and A\ was also determined from tracer data. The model functions and
equations for hydraulic parameters are summarised in Table 3.2.

3.4.4 Sedimentation analysis

Equation 2.5-2.11 were used to calculate the minimum particle settling velocity
for TSS larger than 0.45um. Settling velocities and average water depths
(from Vj,s) were used to calculate time needed for sedimentation (Equation
2.12), which were further compared to the hydraulic retention time from the
tracer studies.

Statistical analysis was not performed for this study due to the practical
limitations of the variable nature and unpredictability of rain events necessary
for tracer studies.

3.4.5 Statistical analysis

Due to practical and economic limitations, replications of tracer studies were
not possible. As a result, no statistical analysis was performed.
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Table 3.1: Equations for reactor analysis with method of moments technique
and the volume-based RTD approach.

Hydraulic parameter Equation Eq no.
t
Tracer mass recovery, MR MR =1 Q"“t(;)/[co“t(t)dt 2.20
t

Accuracy index, A; A; = M- Qou]t\;t)cout(t)dt 2.21
Mean residence time, t,, ty, = EgCC;AAtt 2.23
Nominal residence time, ¢, t, = %

Effective volume ratio, e e = ttin 2.26
Variance, o2 o2 ~ % — (tm)? 2.25
Unitless variance, o} 0f = 2772 2.31
Unitless disperison, d d =~ % 2.27
Coefficient of dispersion (low), D d = % 2.28

. . . o2 2

Coeflicient of dispersion (mod), D = 25 +8(4) 2.29
Peclet number 1, P, P, = é 2.30
Hydraulic Efficiency, A A=e (1 — %) = :—: 2.34
Flow-weighted time o= “;";t 2.38
Zeroth moment Mg = [ C'(¢)do 2.39
First moment M; = [ oC'(¢)de 2.40
Second moment M = [(¢p — M7)2C'(¢)de  2.41
Moment index MI=1— [(1—¢)C'(¢)dp 2.42
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Table 3.2: Functions and equations used for LCF and TIS-modelling.

Model/parameter Function/equation Eq no.
LCF-model Flux — Fluz C(t)pr =247 2.17
LCF-model Flux < Planar Clt)pp =120 I; 2.18
LCF-model Planar — Planar C(t)pp =452 T 2.19
: N—1 (_N:t
TIS-model C(N) = % (505 232
Number of tanks in series N Zi”; 2.33
Hydraulic efficiency A=ce (1 — %) ul 2.34
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4. Results and discussion

In this chapter, the results of the tracer study are presented and discussed.
First, the results from the methodological evaluation are described, followed
by the results and analysis of the tracer study. Section 4.8 gives an overview
of limitations in this project, and finally Section 4.9 provides suggestions for
future work.

4.1 Methodological evaluation

A description of background and temperature corrections, a calibration
regression analysis and validation test results are presented here.

4.1.1 Regression analysis and limit of detection

The calibration curve for RWT fluorescence is shown in Figure 4.1. The
coefficient of determination, R?, was calculated to be 0.999, which shows a
strong linear relationship between measured fluorescence and RW'T
concentration. The regression line is represented by a slope and y-intercept,
and their uncertainties are listed in Table 4.1.

One purpose of the calibration curve is to determine the linear range of
the TAL-PC sensor. Instrument specifications list a linear accuracy between
0-100 RFU (YSI, 2020) and with a RFU reading of 145.57 RFU, solution D1 is
outside the specified range. In addition, a linear regression of results including
D1 showed a y-intercept of 2.34, which could indicate quenching, whereby
the fluorescence intensity of the high concentration D1 decreases. According
to Wilson et al. (1986), fluorescence varies linearly with concentration, except
at very high concentrations above several hundred micrograms per liter, and
quenching can be observed at such high concentrations. The decision to omit
D1 of 10 000 pg/L can thus be justified considering the RFU reading outside

Table 4.1: Regression analysis of calibration curve.

Regression line Value Standard Uncertainty
variables deviation (95 % conf. interval)
Slope 0.0288 0.0002 =+ 0.0005
Y-intercept 0.0787 0.0823 +0.1946
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Figure 4.1: Calibration curve with fluorescence, RFU, plotted against
standard concentrations of Rhodamine WT, ug/L.

the instruments specified linear range, and the warnings of quenching from
Wilson et al. (1986).

The error analysis estimated the standard deviation of the response to
be 0.2164, which gives an instrument sensitivity of 24.8 ug/L. According
to this regression analysis of the calibration curve, the TAL-PC sensor will
not show reliable fluorescence intensities for RWT concentrations below 24.8
pg/L. In an attempt to evaluate TAL-PC sensors performance on measuring
Rhodamine WT in a stream, the sensor manufacturers (YSI) found that
“when Rhodamine concentrations dipped into the 20s (ug/L), readings get
a little rockier”, and suggested the sensor showed noise at such low ranges
(Smith, 2021). Although D9 was outside the linear range, an upper limit
was not investigated. YSI (2020) specifies 100 RFU as an upper limit. This
could be looked into by extrapolating from the regression line but was found
to be unnecessary in this study. The planned tracer analysis will not use
concentrations which can produce a fluorescence intensity that high. The
maximum allowable toxicity limit of 910 ug/L RWT is within the range
covered by the calibration standards.

4.1.2 Validation of calibration curve

The validation results are presented in Table 4.2, where the measured
concentration is calculated from the regression line. All validation solutions
were measured to a lower concentration than what was prepared. V1 and V2
were prepared separately from the RWT 20% solution, and the higher
percentage of difference for V1 of 7.6% indicates random error in the
volumetric dilution method of V1. The mixed solution, V},5, shows a similar
difference percentage as for V1, which confirms a carryover of random error
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Table 4.2: Validation results.

Solution Measured Prepared Difference measured
concentration ! concentration 2 and prepared
pig/L pg/L Yo
V1 184 + 3 200 £ 4 7.6
V2 775 £ 6 800 + 4 3.1
Viio 463 + 4 500 £ 5 7.2

! Uncertainty calculated from error propagation from calibration curve.
2 Uncertainty calculated from uncertainties on equipment used.

from V1 into the mixed solution. All validation readings are however within
the 10% requirement of the OP (EPA, 2017).

4.2 Tracer study setup

4.2.1 Experiment 1

Although steady-state conditions were impossible, a method with constant
inflow was suggested to minimize flow variables. Without rain, two alternatives
for water flow through the system were evaluated. Ideally, water could be
pumped from the domestic water distribution system. However, this would
result in a waste of high volumes of good quality drinking water, which also
came at a high cost. Since the storm water treatment system also functions
as detention basins, large volumes of water were already available on site.
It was determined that the other two settling tanks provide water as a flow
source during the tracer study.

Without enough water in settling tank 1 and 2, a complete tracer output
curve can not be produced. A complete analysis of retention time is thus not
possible, but the data can still be used for a dispersion analysis.

4.2.2 Experiment 2

Experiment 2 was set up to measure natural, pulse-like rainfall events. This
introduces some calculation limitations due to the variable nature, but it also
includes the hydraulic behavior and dispersion during realistic conditions.
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4.2.3 Operational conditions

Estimations for operational conditions of Experiment 1 and Experiment 2
are presented here, followed by a discussion of flow estimations. Finally, the
results and discussion of flow regime is given.

Figure 4.3 show measured and calculated conditions with respect to inflow
rate, outflow rate, mean system flow rate, nominal residence time, tracer mass
introduced and corrections for background and temperature.

Background and temperature corrections

Although tap water was used as a calibration blank, storm water with increased
turbidity may still present background levels of fluorescence. Before starting
the tracer analysis, the background readings in the storm water must be
determined and sensor readings should be adjusted accordingly (Wilson et al.,
1986). In addition, the water temperature at the sampling site for the tracer
analysis must be determined to correct for any temperature difference from
the base temperature during calibration (T=20.2°C).

Table 4.3: Calculated operational conditions for Experiment 1 and 2.

Exp. 1 Exp. 2 Unit

Viys 113 86 m3
Average Q;, 4.4 0.88 1073 m3/s
Average Q,ut 2.0 0.90 1073 m3/s
Qmean 3.2 0.89 1073 m3/s
tn 589 1610 min

At 2 3 min

M;, 40 40 g

RFUp 0.36 2.2 RFU

AT +10 +15 °C

Tef 0.76 0.66 unitless
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Flow estimations of Experiment 1

Estimations of the outflow rate with the Torricelli formula was controlled for
by checking if total V,,; was equivalent to total V,,, with acceptable results
(AViin—our2 = 0). Figure 4.3 shows the estimated (o, in relation to Q.
Ideally, when the tank was full, );, should equal @Q,,;. As can be seen by
Figure 4.3, Q. is steady at 0.0033m?/s, and not at 0.0044m3/s(Q;,). This
distance could be due to errors in the use of Torricelli formula, overestimation
of (;, or instrumental errors in the depth measurements. It could also be
due to the bypass of water when the system is in overflow. Torricellis formula
only calculates the flow which passes through the 50 mm outlet pipe, and
does not account for the water bypassing over the wall, and so (),,; may be
underestimated. However, since Vj,, versus V,,; shows an acceptable balance
close to 0, the calculated @, is determined appropriate for further data
analysis.

The average system velocity, v, was calculated to be 7.85-107* m/s, when
based on mean system flow (Qean = 0.0032m3/5s) and the system volume
(Vays = 113m?). Although the volume of the system changed over time, Vs
was determined by the tracer mass averaged volume, V;,, (Eq. 2.35). These
calculations do not take into account the variable nature of a non-steady
flow system, but can nevertheless give some information on the flow regime
(laminar or turbulent) and nominal residence time. It should be noted however,
that the nominal residence time assumes steady-flow. With enough water,
the system could have been brought into steady-state with a full tank, as seen
in Figure 4.2. The water depth keeps rising until the system is in overflow, as
can be seen by constant depth between 380 and 446 min. Here, the system
should have steady-flow with Q);;, = Qou Which would have simplified the
data analysis. Unfortunately, there was not enough water to pump after 446
min, and the water level can be seen declining in Figure 4.2. Between 232 and
246 min, the pump was stopped and moved from tank 3 to tank 2. The depth
data, consequently the volume, clearly show the influence of the variable flow
during the experiment.

Flow estimations of Experiment 2

Inflow rate obtained from flowmeter measurements appeared stable. Due
to difficulties with the outlet flowmeter, outflow rate was estimated by the
Torricelli formula as described above. Fluid velocity was determined for mean
flow and volume given in Table 4.3, which gave a velocity of 2.87 - 10™* m/s.
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Figure 4.2: Depth data from YSI-sensor during FEzrperiment 1, with
illustrated times for pump switch, full tank (overflow) and
no pump.
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Figure 4.3: Flow curve, with Q;, and Qe plotted versus time.
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Flow regime

To evaluate if the flow regime was laminar or turbulent, Ny was determined
for two conditions in Experiment 1; velocity at full tank conditions (Q =
0.0044m3/s, A = 4.52m?  ie. v = 9.73-10"*m/s), and average system velocity
(v ="7.85-10"%*m/s). For full tank conditions, Ny was calculated to be 445
(Eq. 2.15), and average velocity with open-channel flow gave a Ng of 1750 (Eq.
2.16). Both conditions fall within the range of transitional flow according to
Tchobanoglous et al. (2014), but can still be considered laminar according to
the limit generally accepted in the industry (Engineering ToolBox, 2004). For
Experiment 2, mean operational conditions were used to find a Ny of 520, also
in the laminar region. It should be noted, that the flowmeter registered some
high inflow peaks (Q;, = 0.017m?/s). Such high flowrates could influence
the flow regime towards more turbulent conditions. It is possible these were
alleviated by the 2500 mm manhole, prior to the sedimentation tank.

A flow regime with laminar conditions is preferred for particle removal by
sedimentation. Sedimentation is enhanced with laminar conditions, as the
particles entering the MSS will have increased settling velocity, due to the
decreased drag coefficient (Astebgl & Hvitved-Jacobsen, 2014; Tchobanoglous
et al., 2014).

4.3 C-curves and qualitative analysis

Figure 4.4 and Figure 4.5 show the tracer output curves, or C-curves, for
Experiment 1 and Experiment 2 respectively. There was not enough water in
tank 3 and 2 for pumping to produce a complete tracer output in Experiment
1, and the experiment concluded at 1042 min, when ),,;=0. Some tracer dye
was then left in the system.

The timing of switching tanks for the pump, full tank conditions can
be seen marked in Figure 4.4. Interestingly, both instances of stopping the
pump were followed by some increase in RWT concentration. Whether this
is connected to the change in inflow or by other hydraulic conditions in the
tank, is difficult to say.
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Figure 4.5: Tracer output curve, or C-curve from Experiment 2.

For Experiment 1, the C-curve shows a maximum concentration value
of 998 pg/L. There is a rapid climb to the peak between 70 min and 142
min, before rapidly decreasing. Then, two smaller peaks are observed at 227
min and 328, followed by a long tail. According to Stephenson and Sheridan
(2021), a long tail indicates dead-zones, whereby the tracer is temporarily
stored before slowly released the outlet. The rapidly climbing peak and long
tail could be interpreted as multiple flow processes. One is a rapid flow
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signalling a plug flow effect with a short period of high tracer concentration,
while the other compartment which was influences by mixing, flows more
slowly, leading to the lower concentrations along the tail. The additional
peaks could also indicate the presence of parallel flowpaths as well as internal
recirculation (Levenspiel, 1999). These observations mainly concern C-curves
under steady-flow conditions. As described for operational conditions, the
MSS experienced variable inflow and outflow rate, as well as volume changes
during the experiment, which will also influence the shape of the C-curve. A
numerical analysis of the normalized response curve will help determine the
presence of mixing, short-circuiting and presence of deadzones for variable
flow conditions, and is presented later in this chapter.

Experiment 2 also experiences a rapid climb to the concentration peak
of 950 pg/L at 213 min. The C-curve also decreases rapidly, but then
experiences triple peaks at 537, 642 and 789 min, before declining into a
long tail lasting approximately 1000 min (17 h). Similarly to Experiment
1, the visual inspection of the second C-curve may indicate dead-zones,
mulitple lowpaths and internal recirculation. Due to the climatic effects of
rainfall driven flow, the volume-based RTD analysis provides more robust
understanding of the hydraulic behaviors of the MSS.

4.4 Method of moments analysis

Table 4.4 presents the calculated hydraulic characteristics of Experiment 1,
according to the MOM technique on tracer data. Results from the MOM
technique on data from the TIS-model is also included for comparison. Results
from the MOM-technique modified with the volume-based RTD, for both
experiments, are presented in Table 4.5.

The calculated tracer mass recovery was 84%, within the acceptable limit
of 80% (Kadlec & Wallace, 2009). It should be noted, however, that the
outgoing tracer mass is highly dependent on correct measurements of the
discharge rate. If the calculated outflow rate is correct, then the quality of
the tracer test is verified with the obtained tracer mass recovery. For the
continued analysis, correct outflow estimations are presumed true.

In order to calculate t,,, the system is assumed to have “steady-flow”, where
Qmean and Vi give a t, of 589 min. The total duration of the experiment
was 1042 min, and t,, was calculated to be 402 min from the tracer data,
while the TIS-model showed 225 min. This difference can be attributed to the
long tail of the tracer data compared to the modelled TIS-curve. Both cases
have a shorter t,, than ¢,. Consequently, the effective volume ratio (e = 0.73)
indicate a moderate amount of of dead zones from the tracer test, while the
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TIS-model indicates a high amount of dead zones (e = 0.40) (Thackston et al.,
1987). Effective volume ratio is directly dependent on t,,, which is calculated
based on assumptions of steady-flow. For variable flow systems, such as the
current study, the use of effective volume ratio is questionable. Alternative
methods for hydraulic characterization of variable flow exists, and effective
volume ratio is perhaps an example of a parameter of less importance in such
systems.

The problem of non-uniform flow arises for the dispersion coefficients as
well, as the equations involve the use of fluid velocity, which is variable
according to the changing flow and cross-sectional area of fluid in the system.
Nevertheless, the dispersion calculations for velocities given in Sections 4.2.3
and 4.2.3 could still give some indications of the dispersion conditions. Both
the tracer data and TIS-model indicate moderate and high axial dispersion
(d > 0.05), but within the lower end of the dispersion range given for
rectangular sedimentation tanks (Tchobanoglous et al., 2014). Both Peclet
numbers of 3.8 (tracer data) and 7.14(TIS) show a tendency towards
advection being the main transport mechanism in the MSS.

It is evident from the tracer response curve that the MSS is neither an
ideal CFSTR or PFR. The shape of the curve is better described by TIS
conditions. The shape of the curve, as it deviates from ideal PFR, can be
described by the mixing scale, represented by number of tanks in series, N
(Levenspiel, 1999; Wahl et al., 2010). As listed in Table 4.4, N was 1.86 based
on the tracer data, while the TIS-model gave a higher number of 3.46. An
increased number of tanks-in-series, decreases the spread of the curve towards
plug-flow conditions. The N obtained from tracer data, indicates the presence
of relatively high mixing conditions in the MSS. Although the modelled curve
was not a perfect fit with the tracer data (SSQE = 1.0 - 107), it minimized
the weight of the long tracer tail. The lower number N for tracer data, 1.86
could be due to the weight of the long tail in the tracer curve, with increased
variance, in comparison with the TIS-model curve.

Lastly, it should be noted that Experiment 1 did not produce a complete
C-curve. The calculated indices for hydraulic behavior and mean residence
time are therefore not accurately determined by the incomplete data (Wahl
et al., 2010). The TIS-model does however alleviate this in some degree by
presenting an alternative tail function.

4.5 Model curves

The SSQE did not show a convincing result for evaluating the goodness-of
fit between the LCF-models and the tracer output data. The two models
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Table 4.4: Hydraulic characteristics from Experiment 1, MOM.

Tracer data TIS-model Unit

MR 85 90 %
A 0.15 0.09 unitless
tm 402 225 min
tn 552 552 min

e 0.73 0.40 unitless
o? 86626 14742 min?
o5 0.54 0.29 unitless

d 0.26 0.14 unitless
D 0.003 0.002 m? /s
P, 3.8 7.14 unitless
N 1.86 3.46  unitless

with the best fit was the LCF-model C(t)pp (planar in, planar out) and the
TIS-model, seen as the green and blue curve, respectively, in Figure 4.6.

From a visual inspection, the initial tracer response looks to follow the
sharp increase similar to the LCF-model. However, the LCF-model does not
account for dispersion. The decline is due to the different velocities in the
laminar parabolic flow profile. The TIS-model, on the other hand, include
dispersion, represented by the variance of the distribution. It also minimizes
the effect of the long tail on the variance, which is most likely caused by
the decreasing flow rate after the pump stop. For dispersion analysis, the
variance of the TIS-model might be more representative of how the tracer
curve would appear had the system continued in steady-flow conditions. Both
the laminar convenction model and the TIS-model produced a lower %, than
the tracer output data. Note, the LCF-model refers to an average t,,, while
each fluid layer in the velocity profile holds a respective t,, represented by
each point in the curve. Since the assumption of steady-flow does not hold
true, a numerical analysis could at best give some indications, but the results
would still be questionable.
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Figure 4.6: Tracer response curve fitted with model curves: C(t)pr,
C(t)rp, C(t)pp and the TIS-model. The peaks of C(t)rr
and C(t)pp are cutoff from the plot due to very high values
(>3000 ug/L).

4.6 Volume-based RTD analysis

The results of the volume-based RTD analysis are presented in Table 4.5.
Both experiments show an acceptable ratio of tracer recovery with Mg close
to 1 (Werner & Kadlec, 1996). M for both experiments have values well
below 1, indicating short-circuiting with the presence of dead zones in the
MSS(Holland et al., 2004). The Ms*-value, a measure of spread, was lower for
Experiment 1 (M>*=0.07) than Experiment 2 (M;*=0.22). Both are above
the ideal value of 0, indicating the presence of some longitudinal mixing, but
to a higher effect in Experiment 2. The M1 of the two experiments, 0.35 and
0.39, show potential for improved hydraulic behavior. In the work of Wahl
et al. (2010), M values were correlated (R? = 0.94) to pollutant removal by
first-order reactions in constructed wetlands. Had the MSS been based on
first-order reaction removal, the M I values of 0.35 and 0.39 would correspond
to 30% removal. These findings are not comparable towards to the treatment
efficiency of the MSS with gravitational settling as the primary removal
mechanism. Even still, the findings of Wahl et al. (2010) is an example of
how the M1 relates poor hydraulic behavior to poor pollutant removal, and
future studies should be conducted to find out if M1 has a similar correlation
to particle removal by sedimentation.
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Table 4.5: Zeroth (M), first (M;) and second moment (M) , followed by
the moment index (M1) from the volume-based RTD analysis.

Exp. 1 Exp.2

M}, 0.99 1.00
M; 035 040
M, 007 022

MI 0.35 0.39

In a comparison study of classic and volume based RTD analysis, Aylward
et al. (2019) found a significant difference with the Student’s T-test (95%
confidence) of the results obtained from the two RTD methods. The study
conclude the volume-based RTD analysis as the preferred method. It provides
the possibility of universal comparison of tracer data for a range of systems
with different flow conditions.

4.7 Influence of hydraulic behavior on
sedimentation

The results from the tracer analysis all point towards non-ideal hydraulic
behavior with the presence of mixing, longitudinal dispersion and short-
circuiting with dead zones and potential multiple flow paths. Such hydraulic
behavior has implications for optimal sedimentation, but to which degree is
difficult to say without a simultaneous analysis of particle removal during the
tracer studies. Although the obtained HRT will vary according to flow rate,
an attempt was made to assess some theoretical settling times to compare to
the HRT.

Table 4.6 shows the input values and terms used to calculate particle
settling velocity. The drag coefficient C; was determined by Equation 2.8,
as the obtained Ng values for both experiments showed flow regime to be in
the transitional region according Tchobanoglous et al. (2014). Since the use
of Stoke’s Law is not appropriate for Ng > 1, Newton’s Law (Eq. 2.5) was
used to determine the settling velocity. Li et al. (2008) suggested that wet
specific gravity is a more reasonable parameter than dry specific gravity, and
found wet specific gravity of stormwater particles in the range of 1.30 to 1.42,
with an average of 1.35. The average of 1.35 was selected for settling velocity
determination. The height used in Equation 2.12 was determined from the
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Table 4.6: Calculation terms and resulting settling velocity (vp) and settling
time (ts).

Experiment 1 Experiment 2 Unit

Ngr 1750 520 unitless
Cy 0.43 0.51 unitless
d, 0.45 0.45 107 5m
50p 1.35 1.35 unitless
U 2.2 2.0 107%m/s
H 0.68 021 m

ts 5.1 1.75 min

height difference between system water levels (based on Vj,,) and the level of
the outlet at 1.35 m.

Settling velocities for the given conditions in Experiment 1 and 2 were
calculated to be 5.1 and 1.75 min, respectively. Then, the mean residence time
of 408 min for Experiment 1 gave more than enough time for particle settling.
However, Li et al. (2008) reported experimental settling velocities to be much
lower than those calculated from Newton’s law. One should be mindful of
determining settling efficiency of a system purely based on residence time and
settling velocity calculations. Not to mention, as a detention basin, the MSS
is designed to experience large depth fluctuations and so the height used for
settling time determination cannot be a fixed value as used above. Lastly,
variable natural flow rates prevents the use of HRT as the main treatment
design factor for stormwater detention tanks.

If the settling time and range of residence times should be in the same
order of magnitude as the calculations above, treatment performance would
be relatively high in most cases. However, previous studies show that the
performance may be as low as 48 % (Bergseng, 2021), which could suggest
these settling times are much lower, or heavily affected by the hydraulic
behavior within the tank. In addition, Bergseng (2021) found indications of
particle re-suspension, when one of the tests showed a rise of pH, electrical
conductivity, turbidity and increased particulate Zn from inflow to outflow.
She also found that particles skewed towards larger particles in the outflow.
Re-suspended particles in the outflow could be even more detrimental to the
environment than the influent stormwater. It is essential to establish at which
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flow conditions such re-suspension occurs, and should be followed up by a
bypass installation as a protection measure.

Indices determined from the tracer analysis, could have the potential
to influence design factor. Persson et al. (1999) used the A parameter of
hydraulic efficiency, described by e and N to compare different shapes and
inlet /outlet configurations of constructed wetlands, and later on tried to
relate these indices to removal efficiency of nitrogen (Persson & Wittgren,
2003). The authors noted, however, that it may not be appropriate to give
e and N the same weight. Although convenient to calculate, Holland et al.
(2004) advised caution with the A index, as it is especially susceptible to error
when the RTD is not smooth. With e dependent on a nominal retention
time, the variable flow and volume conditions of stormwater detention tanks
makes it an even more inappropriate index. The M1 on the other hand, was
shown to have a much higher correlation with pollutant removal with an R?
value of 0.94, while the hydraulic efficiency proposed by Persson et al. (1999)
had an R? of 0.41 (Wahl et al., 2010). Both indices were used to examine
correlation with nutrient removal. To the authors knowledge, limited studies
have been done to investigate how A and M I correlate with pollution removal
by sedimentation.

An index of hydraulic behavior capable of connecting different design
configurations with removal rate of suspended solids, would substantially aid
in developing design guidelines for stormwater detention tanks.

4.8 Limitations of this study

The full scale tracer study came with some practical limitations which affected
the quality of the results. These limitations are listed below.

e Water access for constant inflow was limited, which made it difficult
to achieve steady-state conditions. The MOM-analysis, TIS- and LCF-
models and the qualitative analysis are based on the assumption of
steady-state. The methods were still applied for analysis, but with
non-steady flow conditions, the results are merely indicative.

e The challenge of limited water access for constant inflow made replication
of Experiment 1 impossible. Experiment 2 relied on variable rainfall
events to produce a complete RTD curve, and the ensuing long and
unpredictable time frame also ruled out the possibility of replication.
Thus, a statistical analysis was excluded in this project.

e This project described the hydraulic behavior of the MSS, but not how it
relates to TSS removal rates. Analysis of particle removal combined with
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the tracer studies would most likely have exceeded the time limitations
for this project.

e Technical constraints limited the quality of data, as the the tracer data
analysis depends heavily on measurements of flow (EPA, 2002). The
estimated outflow rate may not represent the true outflow rate.

4.9 Suggestions for future studies

Listed below are ideas for possible future work.

e Future studies should look into which flow conditions and associated
hydraulic behavior re-suspension occurs. This could possibly be done by
joining tracer studies for hydraulic behavior with simultaneous removal
rate experiments for suspended solids.

e Hydraulic behavior indices which could describe design configurations
and removal of suspended solids, such as M1, should be further tested
across several systems. Determination and validation of such an index
would substantially aid in developing appropriate design guidelines for
stormwater detention tanks for optimising treatment performance.

e Time for sedimentation is dependent upon settling height. In a
stormwater detention tank such as the MSS, settling height may vary
according to the filling and emptying of the tank. What does it mean
for sedimentation efficiency? Is there an optimum design whereby the
volume may increase for detention purposes, while still ensuring
minimal depth fluctuations?

e Only one tank was tested - all three should be characterised for
hydraulic behavior, as each is installed with two dividing walls at
different lengths from the inlet. The hydraulic behavior should be
compared with respect to positioning of dividing wall and removal rate.
Similar studies have been done for constructed wetlands, when
comparing shape and inlet/outlet configurations with respect to mixing
and removal rates (Persson et al., 1999).
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5. Conclusion

In this thesis, two tracer tests have been used to determine the hydraulic
behavior of the MSS, a stormwater detention system designed for both flood
protection and pollutant removal. Literary findings show that design features
of a system influences the hydraulic behavior, which subsequently affect
the settling efficiency of particles in stormwater. Since system design is
based on a “Best Available Technology” principle, increased knowledge about
the hydraulic behavior can contribute to improved technology for pollutant
removal.

The results from Experiment 1 and 2 should be treated with caution due to
the questionable quality of the tracer studies and no possibility for statistical
analysis. Due to errors with the outflow measurement instrument, an attempt
was made to estimate flow data using the Toricelli equation. However, this
is an inherently uncertain method as it does not represent the real world
outflow. Thus the ensuing outflow estimations challenge the calculated tracer
mass recovery. Flow regime determination, the qualitative curve analysis,
the MOM-technique and TIS-model results are conflicted by the inaccurate
assumption of steady-state, and are indicative at best.

According to Ny calculations, the MSS flow regime is in the laminar
region, with Ny values ranging from 445 to 1750. Laminar conditions are
preferred for enhanced settling of particles.

A visual inspection of both C-curves suggest the presence of dead-zones,
multiple flow paths and internal recirculation. However, changes in the shape
of the C-curves could also be attributed to the variable flowrate of the system.

The MOM-technique and TIS-model for Experiment 1 show variable
results for hydraulic residence time, 408 and 225 min, respectively. These are
both lower than the estimated nominal residence time of 552 min (assuming
steady-state), which can be attributed to short-circuiting with moderate
amounts of deadzones (e = 0.75). In addition, the tracer curve variance
display high axial dispersion (d=0.26) along with advection as the main
transport mechanism (P, > 1). The variance from the tracer data also
constitutes high mixing conditions (N=1.86), but this could be due to the
weight of the long tail. The TIS-model reduced this effect (N=3.46), which
could mean the tracer data overestimates degree of mixing.

The volume-based RTD analysis is also indicative of short-circuiting,
with M; of 0.35 and 0.40 for Experiment 1 and 2, respectively. M point
toward some degree of longitudinal mixing, but more so in Experiment 2 (
Exp. 1 M;=0.07, Exp.2 M;=0.22). MI-values (0.35-0.39) are of limited use
until further studies are conducted to properly link M1 to removal rate of
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settling solids. Such a linkage would be particularly meaningful for design
considerations, in contrast to the hydraulic residence time parameter which
may vary by magnitudes greater than those tested in this thesis. The results
from the volume-based RTD analysis are more reliable than the preceding
methods, being less affected by non-steady state conditions. Still, the challenge
of non-precise outflow measurements remains.

All results point toward short-circuiting and longitudinal mixing in the
MSS, which can reduce sedimentation efficiency. Further studies should be
conducted to confirm these findings and to determine which design features
could improve hydraulic behavior. Volume-based RTD analysis should be
used to characterise stormwater detention tanks with variable flow, to further
update “Best Available Technology” for design. This will aid in the process
of optimising treatment of stormwater runoff and thus better protect the
environment in receiving waters.
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6. Appendix

A: Instrument Calibration and validation

The calibration curve for standard solution D2-D9 is shown in Figure 6.1.
The coefficient of determination, R?, was calculated to be 0.999, which
shows a strong linear relationship between measured fluorescence and RWT
concentration. The regression line is represented by a slope and y-intercept,
and their uncertainties are listed in Table 6.1. The regression line was used
to calculate RWT concentrations during tracer experiments from fluorescence
(RFU) measurements.
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Figure 6.1: Calibration curve with fluorescence, RFU, plotted against
standard concentrations of Rhodamine WT, ug/L

Table 6.1: Regression analysis of calibration curve.

Regression line Value Standard Uncertainty
variables deviation (95 % conf. interval)
Slope 0.0288 0.0002 + 0.0005
Y-intercept 0.0787 0.0823 +0.1946
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Calibration procedure

The lab procedure for instrument calibration is described in the following
section.

Materials

e Rhodamine WT 20 % (w/v, Thermo Fisher Scientific, VWR: cat. no

446970010)

e Volumetric flasks of 500 and 1000 mL and 25 mL bulb pipette

e Finnpipette F2 Variable Volume (Finntip 5 mL, Thermo Scientific)

e EXO1 sonde with TAL-PC and Temperature sensor (YSI,Inc.)

e Exo Handheld Display (YSI, Inc.)

Procedure

1.

10.

Identify blanks: Tap water was used for the calibration blank. Correct
for negative background of distilled water which was used for dilution.

Prepare standard solutions as listed in Table 6.2.

. Add 250 mL of each solution to the EXO1 calibration cup.

. Immerse EXO1 sensor in solution for 1 minute to obtain consistent

fluorescence and temperature reading.
Record fluorescence and temperature from the EXO Handheld Display.
Correct fluorescence readings for background and temperature.

Plot fluorescence and standard solutions in a calibration curve and
determine regression line, uncertainty and limit of detection by applying
the Excel linear regression analysis function.

Prepare validation RWT solutions of 200 pg/L and 800 pg/L. Mix the
two solutions to obtain 500 ug/L.

Perform step 3-6 as described above and compare to the linear regression
of the calibration curve,

Check validation with the 10 % validation requirement (EPA, 2017).
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Dilution details

Formula for dilution calculation:
Ci1Vi = CoVs (6.1)

where C5 is the concentration of final solution, V5 is the volume of final
solution and (] is the initial working standard solution.

First, a strong working standard was prepared by pipetting 1.0 mL RWT
20% in 999 mL distilled water. 50 mL from this solution was then pipetted
into 950 mL distilled water to obtain the strong working standard of 1000mL
with 10 000 pg/L. Four solutions (D2-D5) were then prepared by pipetting
the strong working standard into 500 mL volumetric flasks, which were filled
with distilled water. The solution of 100 pg/L was used further as a weak
working standard to prepare an additional four low concentration solutions
(D6-D9). Concentrations of all nine calibration solutions are given in Table 1,
along with dilution volumes and concentrations.

Table 6.2: Standard RWT solutions for analysis (Cz) with dilution volumes
and concentrations.

Short name C, C, VvV, V, C,
(ug/L) mg/L mL mL mg/L

Strong WST, D1 10000 10 1000 1 200
D2 1000 1 500 50 10

D3 400 0.4 500 50 10

Weak WST D4 100 0.1 1000 10 10
D5 40 0.04 500 2 10

D6 20 0.02 500 100 0.1

D7 4 0.004 500 20 0.1

D8 0.8 0.0008 500 4 0.1

D9 0.2 0.0002 500 1 0.1
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C: Tracer study setup

(a) Pump used to drive inlet flow (b) Pump cable from manhole of tank 3

Figure 6.2: Pump setup for experiment 1 - The pump (a) was lowered into
tank 8 with a rope, and the cable transported water out from
tank 3 (b)

(a) Pump cable positioning to avoid angles for (b) Pump cable into inlet chamber
smooth flowthrough

Figure 6.3: Pump setup for experiment 1 - The cable had to be positioned
to avoid angles for smooth flowthrough (a) of water into inlet
chamber (b)
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(a) YSI probe secured on a steel pole (b) YSI probe lowered toward outlet pipe

Figure 6.4: YSI probe setup for sampling
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D: Tracer study analysis
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2 13
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Figure 6.5: Selected tracer study data from Ezxperiment 1 and calculated
parameters for volume-based RTD analysis.
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Figure 6.6: Selected tracer study data from Ezxperiment 1 and calculated

parameters for assumed steady-state MOM-analysis
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Figure 6.7: Selected tracer study data from FExperiment 1, model data
from TIS and LCF models and calculations for sum of squared
errors with input mean residence time, 7, from Excel SOLVER
function.
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