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Abstract

In highly urbanized area, lack of space limits the application of most stormwater quality
treatment technologies. Oil/Grit Separators (OGSs) are preferred in these cases due to their
compact size and reasonable solids removal efficiency. The objective of this research is to
identify the challenges and practical potential solutions of solids treatment performance
testing on a full-scaled experimental vortex device (EVD) adopting TRCA’s regulatory
guideline titled the “Procedure for Laboratory Testing of Oil/Grit Separators” (referred to
in this paper as the Procedure) which stipulates the standards of sediments and oil removal
tests in Canada. The test results indicated that: (1) TSS treatment efficiency of EVD was
observed to decline with the particle size and flow rate; and (2) the average overall TSS

treatment efficiency decreased from 52% to 44% as the flow rate doubled.
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1.0 INTRODUCTION

This chapter overviews the common stormwater problems occur in highly urbanized areas,
followed by the development and challenges of the stormwater management of all time including
the background information of stormwater management of the People’s Republic of China. Finally,

the objectives and scope of this research as well as the structure of the paper are described.

1.1 Stormwater Problems

Generating from unpredictable precipitation events, stormwater has been, always is and still will
be bringing a series of troubles and nuisances. The two main categories of which, can be labeled
as the quantity and quality issues. In recent decades, rapid urbanization has resulted in the
proportional increase of total impervious areas contributed by all the buildings, pavements, roads,
parking lots and other surfaces. Unfortunately, what coinciding with this change is the aggravation

of the stormwater problems.

In terms of quantity issues, without enough natural adjustment strength, large amount of urban
stormwater cannot be controlled by impoundment, infiltrating and evapotranspiration, as good as
before, resulting in a growing number of observed urban floods. Furthermore, a greater volume,
sooner and higher peak of post-development storm runoff tends to happen when compared to those
of the pre-developed conditions (Li, 2019). On the other hand, quality issues are also severe. The
pollutions from non-point sources have brought all sorts of problems. For example, the greatest
proportion among all sources of the total phosphorus loading to the Lake Simcoe, is generated by
urban stormwater runoff with a value of 31% (Ontario, 2010). Large amount of uncontrolled

surface runoff containing sediments, oil, nutrients, heavy metals, thermal pollutants, pathogens,



will adversely affect the receiving water bodies and bring unwanted outcomes such as
eutrophication, dissolved oxygen reduction, bad odor, water ecological imbalance and so on.
Many mitigation solutions (e.g., erosion control, plant covering) have been executed in order to
abate stormwater pollution (Wikipedia - Water Pollution, 2020). However, it is extremely time-

consuming and costly to achieve the stormwater management goal.

1.2 Stormwater Management Development

Traced back to approximately 3500 BC, with the occurrence of the first-ever human settlement,
stormwater management (SWM) was emerged (Angelakis, 2017). As the civilization gradually
became mature, stormwater management started to be focusing on the quantity control of
stormwater (Koloski-Ostrow, 2015). Prior to 1980’s, the objective of the management was
primarily to convey the flows away from the living zone in a more convenient, safe and
economical way. After 1990s, stormwater quality control started to emerge and has been valued
by civil engineers and experts since then in Canada (Li, 2019). In 2003, the Ontario’s Ministry of
Environment (MOE) published the Stormwater Management Planning and Design Manual. The
manual indicates that “mitigating the effects of urbanization on the hydrologic cycle” is the
ultimate goal of the SWM, while an improper decision can lead to adverse consequences such as
“water quality degradation, baseflow reduction, flooding and erosion, loss of properties and
human lives, etc.” (MOE, 2003). At present, the manual (MOE, 2003) and other related acts have
been developed elaborately to provide a thorough guidance to SWM projects in Ontario by

considering the control of water quantity as well as quality at the very same time.



1.3 Challenges

Stormwater management has never been an easy task to fulfill with the presence of all sorts of
challenges. For starters, urban areas, especially downtown areas of old large cities, are highly
developed and occupied. It is very complicated to build, repair or reconstruct the infrastructures
of stormwater management because of the limited space, heavy traffic and tremendous population
density. Secondly, although many stormwater management (SWM) practices (e.g., low impact
developments, best management practices, etc.) are widely adopted in many counties, some cannot
bring out the expected benefits due to all kinds of limitations (e.g., application conditions, cost,
local policy, public acceptance, operation and maintenance, etc.). The suitability of SWM
practices applied at the designated place is the most important prerequisite, without which the
efficiency will not be satisfying. What is more, the great difficulty of background information
collection and analysis can also be the barrier of SWM. The characteristics such as surface
topography, soil type, hydrology and hydrogeology, groundwater depth, climate and ecology
conditions may vary greatly among different subdivisions, cities, or watersheds. With such a high
variability and versatility, most of the cases cannot be compared or equalized and thus the detailed
data shall be collected and organized separately for site specific stormwater management. These
challenges have been the stumbling block on the road of SWM. Proper, integrated, sustainable

methods are in great need for the sake of human beings and the nature.

1.4 Backgrounds and Limitations

China, the country which has the largest population in the world, has been developing with an
extremely high rate over the recent decades. “Between 1980 and 2012, China’s urbanization has

increased from 19.4% to 52.6%” (Science, 2013), and there were more than 10 million people



moving to the city from rural districts every year. Therefore, if improper stormwater management
plan was adopted under this circumstance, problems such as urban flooding, water body pollution,
water ecology deterioration, etc. will be induced by the drastic increase of the urban stormwater

runoff (Chou, 2015).

The concept of ‘Sponge City’ was firstly presented by one of the deputies of Chinese National
People’s Congress Bo Liu in the year of 2011. The idea is to build and reconstruct cities like a
sponge which can be able to absorb and hold the stormwater long enough for subsequent cyclic
utilization and in the meantime, treat the initial proportion of rainwater (i.e. first flush). Similar to
the terms such as Best Management Practices (BMPs) and Low Impact Developments (LID) in
North America, Sustainable Urban Drainage Systems (SUDSSs) in England, Water Sensitive Urban
Designs (WSUDs) in the Middle East and Australia, Sponge City has shown its suitability relative
to China’s stormwater management programs (Cui et al., 2016). In 2015, a batch of pilot cities
were selected to implement the stormwater control practices because of the high frequency of
urban flooding. One year after, another batch was chosen, and there are now more than 30 cities
in total which scattered all over China. After few years of experiments, some achievements have
gradually showed up, and the frequency of urban flooding along with the water pollution level

have been, to some extent, reduced and abated.

However, due to the short term of field-experiments and a lack of connection between theories
and practices, the results were not as good as what people expected. The structure of stormwater
management planning has not yet been systematized, and at the same time, the existing technology
and financial status cannot support enough amount of pilot tests and advanced devices for

scientific reasons. Furthermore, the understanding towards stormwater management in China was
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not comprehensive and mature enough. It is not realistic to blindly complied with other successful
examples of stormwater control practices in other countries or regions (Cui et al., 2016). Instead,
a grand plan which requires efforts from and cooperation among all levels of participants (i.e.,

ministry, municipalities, publics) should be enacted according to China’s national condition.

1.5 Objective and Scope

The main objective of this research project is to investigate the challenges of applying the
regulatory guideline titled the “Procedure for Laboratory Testing of Oil/Grit Separators” (TRCA,
2014) by conducting laboratory tests of Total Suspended Solids (TSS) removal efficiency

determination of an Experimental VVortex Device (EVD).

The specific research scopes can be listed as follows:

1. Reviewing the “Procedure for Laboratory Testing of Oil/Grit Separators” (TRCA, 2014)
and summarizing the essential requirements for the physical testing;

2. converting the theoretical standards to practical solutions in the real-case operations;

3. providing reliable comments on experimental procedure to benefit other related scholarly
researches and to prevent them from unnecessary wasting of time or funding;

4. determining the TSS removal efficiency of the EVD and analyzing the results;

5. presenting all the acquired results and the conclusion of the analysis; and

6. comparing the treatment efficiency with other commonly-seen products.



1.6 Structure of the Report

In the remaining content of this report, Chapter 2 will cover the reviews of related literatures and
materials regarding the specific technology on oil/ sediments removal; Chapter 3 will present the
conceptual illustration of the model of EVD along with the treating process; Chapter 4 will give
the methodology of this project with applied mathematical principles and calculations; Chapter 5
will be introducing TRCA’s Procedure and the experimental process in detailed way; Chapter 6
will exhibit all the testing results; and Chapter 7 will wrap up the report by giving conclusions and

recommendations for the future development.



2.0 LITERATURE REVIEW

The difficulty of urban stormwater management has been persistently increased since the first
occurrence (Fletcher et al., 2015). There are many stormwater management technologies that are
developed serving different purposes as requested. Among all the stormwater quality control and
improving devices, Hydrodynamic VVortex Separator (HDVS) as well as Oil/Grit Separator (OGS),
are the most frequently used technologies in the SWM industry. Derived from sufficient reviews
of the literatures, reports of products associated with above-mentioned technologies, materials and
news, the concepts of HDVS and OGS are reviewed accordingly. Since this research project is
based on physical model investigations, the fundamental concepts of physical hydraulic modelling

are overviewed.

2.1 Review of Hydrodynamic Vortex Separators

Hydrodynamic Vortex Separator (HDVS), or Hydrodynamic Separator, is one of the most popular
methods used for the solid-liquid or liquid-liquid separation in SWM to control stormwater runoff
pollution in highly urbanized areas where available space is limited. In 1960s, Bernard Smisson
firstly came up with the concept of HDVS and developed it to treat the combined sewer overflows
(CSO0s) (Andoh, et al., 2002). Since then, many devices and products have been developed and
used for both wastewater and stormwater treatment. This section reviews the applications of

HDVSs and their performances.

According to Smisson (1967), the first generation of vortex separators which designed for CSOs
treatment, has an overall efficiency of 70% of pollutant removal. Owing to Smisson’s pioneering

contribution, more produces have emerged since then. In 1970s, the next generation of HDVS -



USEPA Swirl Concentrator and Swirl Primary Separator were developed by the American Public
Works Associations and EPA with the assistance of Smisson (Sullivan, et al., 1978; Andoh &
Smission, 1994; Field & O'Connor, 1996; Li, 2009). Development of HDVS was continued in
United Kingdom. Storm King®, an improved edition of HDVS, was invented to outperformance
the USEPA Swirl Concentrator by solving the demerits of which, such as generating large head
loss at higher flow rates, etc. in 1980s (Andoh & Saul, 2003). Due to the great performance and
high separation efficiency, Storm King® was further developed and commercialized in UK and

USA afterwards (Li, 2009).

More products inheriting the principles and advantages from the previous versions of HDVS have
been developed and utilized aiming for stormwater quality treatment till nowadays, while the
performances somehow vary among applications which have different properties such as
operation conditions (e.g., scouring, overflows), sediments characteristics, and so forth (Li, 2009;
Wikipedia - Hydrodynamic Separator, 2020). Furthermore, HDVS are found to be not as efficient
when the concentration of dissolved or fine pollutants is high (USEPA, 1999; Wikipedia -
Hydrodynamic Separator, 2020) and according to Sullivan et al. (1972), the HDVS can be very

efficient if the grain sizes are larger than or equal to 0.2 millimeter (Li, 2009).

The process of pollution treatment in HDVS can be described briefly as follows: after entering the
feed chamber, the untreated stormwater will follow a downward spiral route along the chamber’s
sidewall and generate a centrifugal force around the rotational axis (Raiyani, 2018). In the
meantime, the working principle of HDVS is rather straight forward to be explained. Generating
from swirling vortex, the centrifugal force enhances the ability of the removal of Total Suspended

Solids (TSS) and oil/ floatables. Furthermore, the turbulence and the velocity of the inflow can be
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reduced because of the energy consumption by the water swirls. In general, HDVS can treat
pollutants having different densities from water. In other words, the heavier pollutants such as
sediments, or similarly, lighter ones such as oil and floatable debris, can be separated from the
water. In terms of the removal of TSS in HDVS, sediments will be centrifuged and concentrated
along the peripheral wall. Those particles having larger sizes tend to settle easier and faster, while
those having the smaller sizes will be affected less by the centrifugal force, and hence be more
difficult to be removed (Sullivan et al., 1972). The oil and floatable debris, on the other hand,
having smaller densities when comparing to the water, can be separated as well. However, instead

of rotating outwards from the axis, lighter matters will concentrate centrally in these cases.

The application of HDVS in practical life is very broad. In some wastewater treatment plants,
vortex-typed grit chambers can be installed before the primary treatment units for the pre-
treatment purposes. According to Metcalf & Eddy, there are three different types of vortex grit
chambers: “(1) Mechanically Induced Vortex; (2) Hydraulically Induced Vortex; and (3) Multi-
tray Vortex Grit Separator” (Metcalf & Eddy, 2014). The theory of the treatment is that: within
the treatment unit, particles will travel with the water currents having the swirling flow path. By
using the centrifugal force generated by swirl (i.e., vortex) and the gravitational force generated
from earth, simultaneously, the grits can be separated from the water (Metcalf & Eddy, 2014).
Except for the application in the wastewater treatment plants, HDVSs also have high demand in
urban areas. Products such as Aqua-Swirl™, Downstream Defender®, Dual VVortex Separator, are

the most popular technologies over these years.



2.2 Review of Oil/Grit Separators

Similar with the hydrodynamic vortex separators, Oil/Grit Separator (OGS), another type of SWM
underground structure, is also preferred by the clients who have needs of treating solids, oil and
floatables (e.g., debris, trash) contained in the stormwater runoff and/or snowmelt. Although the
working processes may vary for different designs of OGS, the main principle remains the same,
which is to remove TSS by sedimentation and separate oil from stormwater by phase separation.
It is worth mentioning that OGS is not designed for stormwater quantity control but for quality
control; nevertheless, it can somehow provide a temporary storage for stormwater and thus

attenuate the peak flows (TRCA — SWAMP Program, 2004).

The scope of the applications of OGS is typically limited to small areas with large impermeability
such as parking lots, gas stations, etc. Various types of OGS with different designs and functional
attributes can be found in stormwater treatment industry, for example, traditional three-chamber
OGS, Stormceptor®, Downstream Defender® (can also be considered as a HDVS as mentioned
in previous sub-chapter), and Vortechs (product of Contech Engineered Solutions LLC.). These

products are the most popular ones nowadays (TRCA — SWAMP Program, 2004).

The following literature review of OGS focuses on the designs and performances of a standard
three-chamber OGS and Stormceptor® (the model of STC 4000) based on the performance
assessment report prepared by SWAMP Program of TRCA in 2004. “Both technologies were
installed as two parallel units in the parking lots of large Home Depot stores” and served 2.2 and

2.6 hectares of design drainage area, respectively (TRCA — SWAMP Program, 2004).
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According to the performance assessment report prepared by SWAMP Program of TRCA (2004),
the precast concrete three-chamber OGS at the Home Depot store consisted of three connecting
chambers: (1) The first chamber served as a grit chamber which removed the grits and heavy
pollutants washed off by stormwater from the surface; (2) the second chamber (i.e., the oil
chamber) was designed to trap the free oil and floatable trash or debris by setting an elbow pipe
with a submerging intake in between the second and third chamber; and (3) the third chamber
allowed the treated water to discharge from the OGS to the receiving sewer. The height of inlet
and outlet pipe of a three-chamber OGS determines the permanent pool level inside the structure,
which is approximately 1.5m to 1.8m deep. During wet-weather flow conditions, overflows will
occur over the openings located at the top of two interior walls and exit the OGS to provide safety
to the treatment system. At the Home Depot site, there were 60 runoff events monitored and a
total of 26 influent as well as 54 effluent water samples collected from May 1997 to December
1998 for the evaluation of water quality improving performance of this structure. The results
indicated that the median influent and effluent TSS concentration were 109 and 40 mg/L, while
that of oil and grease (O&G) were 22 and 8 mg/L, respectively. Additionally, the total TSS load
and O&G removal efficiency were 57% and 51% respectively (TRCA — SWAMP Program, 2004).
On the other hand, the report stated that Stormceptor® has a different treating process. During
small-flow conditions, surface runoff will follow a downward route and enter the treatment
chamber (i.e., the bottom part of the structure) because of the weir and drop pipe arrangement near
the inlet pipe. The grits and heavy pollutants will drop and settle down to the base while the oil
and other lighter substances will rise and trapped by the outlet pipe with a submerged intake
(similar to the setting of the elbow pipe of the three-chamber OGS described earlier). In
comparison, during high-flow conditions, stormwater will overtop the weir and flows into the by-

pass chamber (i.e., the upper part of the structure), and hence be conveyed to the outlet sewer
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directly. According to the manufacturer, excessive flows will not cause re-suspension of settled
pollutants as well as the trapped O&G in the treatment chamber because of the upper and lower
chamber design. In terms of the water quality improving performance, a total of 20 influent and
37 effluent samples were collected from August 1997 to December 1998 at the Home Depot site.
The results indicated that the median influent and effluent TSS concentration were 112 and 48
mg/L, while that of O&G were 17 and 7 mg/L, respectively. Furthermore, the total TSS and O&G
load removal efficiency was 60% and 44% respectively). The report also compared the most
common types of the OGS products, and from which a typical range of 57% to 60% of TSS
removal and a range of 44% to 51% of O&G treatment were observed (TRCA — SWAMP Program,

2004).

2.3 Review of Other SWM Technologies

Other than the above two technologies, there are many other designs that are available and suitable
for different kinds of application conditions. For example, an enhanced treatment technology
called Jellyfish® Filter designed by Imbrium also provides higher pollutant removal efficiency in
many stormwater quality treatment projects. “Featuring pretreatment and membrane filtration in
a compact stand-alone system, Jellyfish® Filter removes floatables, trash, oil, debris, TSS, fine

silt-sized particles” and many kinds of pollutants (Imbrium Systems Inc., n.d.).

2.4 Physical Hydraulic Modeling

Although a full-scaled model was used in this research, it is necessary to introduce some basic
concepts associated with physical hydraulic modeling. According to “Hydraulic Modeling -

Concepts and Practice - ASCE Manuals and Reports on Engineering Practice No. 977, one of the

12



most common physical modeling techniques - hydraulic modeling, is widely applied in hydraulic-
related engineering industry for simulating and/or evaluating the performance of scaled models
replicating specific characteristics of the prototypes of hydraulic structures or machines (Ettema,
2000). In other words, a physical hydraulic model is a ‘tool” used for finding the solutions to the
optimal performance, both technically and economically (Heller, 2011; Novak, 1984), and can
assist decision-makers during planning and design process (Chanson, 1999). An overview of
related concepts and terms is presented below: Similarity; dominant forces in both free-surface

and close-conduit model; some common dimensionless numbers; and the non-negligible effects.

2.4.1 Similitude

Similitude, i.e. similarity, “is a concept applicable to the testing of engineering models, mainly in
hydraulic and aerospace engineering, to test fluid flow conditions with scaled models.” (Wikipedia
— Similitude (Model), 2019). If a physical model is considered to be completely similar to its
prototype, the model must display similarities in terms of shape (i.e., geometric similarity), motion

(i.e., kinematic similarity), and forces (i.e., dynamic similarity) (Chanson, 1999; Heller, 2011).

Among the three, geometric similarity indicates that all the characteristics of scaled models in
one-dimension (e.g., length, diameter, height, etc.) shall be A times smaller than of its prototype,
where A is the scale factor which can be described by Eq. (1) (‘p’ stands for ‘prototype’ while ‘m’
means ‘model’) (Heller, 2011; Chanson, 1999; Yalin, 1971; Kobus, 1980; Novak, 1984; Hughes,

1993).
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L
A== (1)

Where,
/. scale factor, or scale ratio;
Lp: value of characteristics of prototype in one-dimension;

Lm: value of characteristics of scaled model in one-dimension.

Therefore, characteristics in two- (e.g., area) and three- (e.g., volume) dimensions will have the
scale factors of A2 and A3, respectively, if the geometric similarity has been satisfied (Heller, 2011).
On the other hand, kinematic similarity, requiring constant ratios of characteristics such as
velocity and acceleration, implies the similarity of motions while dynamic similarity demonstrates

identical ratios of force-related characteristics between the scaled model and prototype at all times.

2.4.2 Forces

In Fluid Dynamics, it is important to, firstly, determine the dominant forces of flow mechanism
when modeling water flows in physical models. According to Hughes (1993), the most
commonly-seen forces that are important to the flows are: inertial force, gravitational force,
viscous force, surface tension force, etc. (Heller, 2011). Noted that two main types of flows are
covered in this research: free-surface flows (also called open-channel flows) and closed conduit
flows (i.e., pipe flows), and their dominant forces are different. In free-surface flows, the
gravitational force will dominate (Chanson, 1999) while in closed conduit flows, the viscous force
will be the one who controls the flow mechanism. Although both gravitational-based and viscous-

based modeling are important, it is impossible to duplicate both gravity and viscosity in a physical
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model, in other words, to create a scaled model that satisfies both the Froude (gravity dominated)
and Reynold (viscosity dominated) number. Luckily, a 1:1 scaled-model (i.e., the same size as the
prototype) was developed in this research in accordance to the Procedure. If a scaled model is
used, a relative basis of the Froude-based model can be used to determine whether there will be

scale effect associated with the negligence of viscous forces.

2.4.3 Dimensionless Numbers

In Fluid Mechanics, there are many dimensionless numbers that are applied to analyze the
behavior of fluids. Among all, Reynolds number (Re) is one of the most common dimensionless
parameters. Defined as the ratio of inertial force and viscous force, Reynolds number is used to
predict flow patterns in different situations where viscous forces dominate and is given by Eqg. (2)

below.

R, = — )
Where,
u: velocity of the fluids;
D: diameter of the tube;

v: kinematic viscosity of the fluids.

The Froude number (F:), applied for scaling open channels or hydraulic structures (Chanson,
1999), is a ratio of inertial force and gravitational force which describes the flow regimes of free-
surface flows and is given by Eq. (3). When F; is equal to 1, the flow is called the critical flow;

when F; is larger than 1, a fast and rapid supercritical flow can be observed; and when F; is smaller
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than 1, the flow tends to be slow and tranquil (subcritical flow). Moreover, according to Heller
(2011), “Froude number similarity is especially suited for models where friction effects are
negligible or for short, highly turbulent phenomena.” However, in a Froude model, parameters
such as gravity, Reynold number and Weber number cannot be scaled identically between the
model and the real-world prototype, and thus some non-negligible scale effects will be generated

(Heller, 2011).

u
oL (3)
Where,
u: velocity of the fluids;
g: gravitational acceleration;

L: hydraulic depth.

In conclusion, only the dominant mechanism is needed to be modelled in most cases. In closed-
conduit flows, it is important to keep the Reynold number identical in both scaled model and
prototype because viscous is the dominated force. However, in free-surface flows, gravity effects
are more important and thus a Froude number modeling shall be used. Furthermore, when the
system is controlled by inertial and surface tension forces, a similarity of Weber number must be

obtained in order to acquire reliable results from scaled hydraulic model (Chanson, 1999).

2.4.4 Effects

There are three main effects that may lead to considerable differences of performance between

the scaled model and its real-world prototype: model effect, scale effect, and measurement effect.
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All of them are originated due to incorrect operations (e.g., calculation, measurement,
reproduction of features, etc.) (Heller, 2011). As a result, it is fairly tricky to find out the key
concerns without neglecting important relevant factors, and at the same time, not to emphasize

non-significant ones in different physical experiments.

Among the three, scale effect is the most important one in this research. Resulting in deviations
between scaled model measurements and prototype observations, scale effects present because of
incorrect setup of scale ratio (Heller, 2011). They are generally small, but not always negligible
altogether. Some may choose to use different fluids in order to keep the Reynolds and Froude
number identical in both the model and prototype and to reduce the scale effects. However, it is

not a practical and economical way (Chanson, 1999).

2.5 Summary

Being the perfect match of serving highly developed areas because of the compact size and small
occupied footprint, Hydrodynamic Vortex Separators (HDVSs) and Qil/Grit Separators (OGSs)
have great potential to be explored and further developed. With similarity, to some extent, HDVS
and OGS technologies are both highly preferred due to the reasonable removal efficiency of
sediments (i.e., TSS) and oil (and floatable debris) between 40% to 60%, while some can be higher.
In this research project, the principles of both HDVS and OGS are applied to an Experimental
Vortex Device (EVD) with a diameter of 1.2-meter and a height of 1.8-meter for the testing of
stormwater treatment performance. More details of the testing are described in the following

chapters and sections.

17



3.0 CONCEPT OF THE EVD

3.1 Model Illustration

After reviewing plenty of materials associated with the technologies of Hydrodynamic Vortex
Separator (HDVS) and Oil/Grit Separator (OGS) for stormwater quality control industries, the
idea of an Experimental VVortex Device (EVD) design was developed in this research project. The
EVD can be implemented in any municipal manhole, while in this research, the dimensions of the
manhole was set to be having a typical size with a diameter of 1.2 meters and a height of 1.8

meters.

From the very beginning to the final design, the appearance and structure of EVD has been revised
and improved repeatedly. The final version of EVD model has two major components: (1) Feeding
chamber (which is similar to the regular municipal manholes, except for the location of the inlet
and outlet pipe); and (2) the central vertical outlet pipe along with an arc baffle. The illustrations

of two constituent parts are shown in Figs. 1 and 2.

Figure 1 Illustration of Feeding Chamber
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Figure 2 Illustration of Central Vertical Outlet Pipe and Arc Baffle

3.2 Treatment Process

Theoretically, after entering the manhole, polluted stormwater will spin along the circular sidewall
and generate a centrifugal force on the fluid, which forms a vortex flow pattern. Larger suspended
particles will be pulled away from the center while small ones will drop down onto the bottom
and hence be settled. On the other hand, the lighter oil and floatables will float above the water.
Most of them will be trapped by the arc baffle and cannot submerge into the bottom to escape

from the central vertical outlet pipe, and thus be removed from the stormwater.

Figure 3 presents the treatment process of the EVD. Stormwater (brown curves) flows into the
feeding chamber via inlet pipe, and then follows a downward spiral flow path. The larger particles
will be removed by the centrifugal force while smaller ones will travel with the flow. A part of
the smaller particles will settle down after a while, nevertheless the rest will escape the treatment
system. In the meantime, lighter pollutants such as oil and debris will float above and be trapped
by the arc baffle. Therefore, the treated clean water (light blue curves) will leave the device

tangentially though the central vertical outlet pipe and be discharged outside the EVD.
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Figure 3 Diagram of Treatment Process of Experimental Vortex Device

3.3 The Physical Model

Figures 4 and 5 show the physical model at the hydraulic laboratory in Tianjin, China. Two flow

rates representing both small and large rainfall events were tested at the physical model.

SmaII Rainfall Event
with a flow rate of 5 L/s

Figure 4 Photograph of the Physical Model of Experiment Vortex Device (5 L/s)
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Wét-Weather Condition
with a flow rate of 48 L/s

Figure 5 Photograph of the Physical Model of Experiment Vortex Device (48 L/s)

3.4 Different Scenarios of the Setup

Although the typical design of EVD has been determined, various feasible combinations can be

applied to the model by tweaking and adjusting the variables of the model.

1. Angles between pipes: Theoretically, any angle (between the inlet and outlet pipe) that is
in the range of 0<to 180 <can be applied to the model. However, only the typical setup with
an angle of 60 “between pipes was applied to the EVD for physical testing and experimental
use because of the time and funding limits.

2. Flow rates: Flow rate is also one of the variables of the model setup. Different flow rates
contribute to different sets of combinations of scenarios. Details of the testing flow range
are described in the following chapter.

3. Particle size distribution (PSD): PSD is the most important variable in this research,

different PSD combinations can be related to different application conditions in real cases.
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3.5 Summary

In this chapter, the illustration of a designed experimental vortex device (EVD) and the schematic
graph showing the treating process of the device were presented. Although there are many alike
products in the SWM industry, the EVD in this research, which adopts to different setups and
variables, has its own features and characteristics. As a result, a thorough plan of laboratory testing
with sufficient amount of hydraulic experiments is needed in order to find out the regularity and
treatment efficiency of the EVD. More details regarding the model setups and the experiment

results are presented in the following contents.
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4.0 METHODOLOGY

The fundamental calculations and assumptions related to the theories and principles applied in the
development of EVD are described in this chapter. It is worth mentioning that both Beijing and
the city of Tianjin, China are chosen to be the representative cities and their hydrological/

hydraulic data as well as the regulatory standards are used for the development of EVD.

4.1 Hydrologic Characteristics

4.1.1 Rainfall Intensity

According to a research about the precipitation trend analysis of Tianjin, China (Fan, 2011), the

updated rainfall IDF curve formula in the city of Tianjin is given as follow.

~20.778 + 13370 log,T
T (t+16.820)0781

(mm/min) 4)

Where,

i: rainfall intensity, mm/min;
log: binary logarithm, i.e., Ig;
T: return period, year;

t: time of concentration, min.

Based on the Outdoor Drainage Design Standards in China (GB50014-2006, 2014), the average
return period used for stormwater pipe design is from 0.5 to 1 year in China; the runoff coefficient
for rational method (C) in Tianjin is from 0.45 to 0.60; and the interval distance between two
manholes shall not exceed 120 meters, accordingly. The required ranges and adopted values of
these related parameters are listed in Table 1.
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Table 1 Related Parameters in the Outdoor Drainage Design Standard of China (GB50014-2006, 2014)

Return period (T) Time of Runoff coefficient for | Interval distance between
P concentration (t) rational method (C) two manholes
Given Range 0.5-1.0 year 5-10 minutes 045-060 < 120 meters
Adopted Design Value 1.0 year 10 minutes 0.60 100 meters

By assuming the return period (T) in Tianjin to be 1 year and the time of concentration (t) is 10

minutes, the rainfall intensity in the city of Tianjin should be:

20.778 + 13.370 - log, 1
(10 + 16.820)0781

intensity = = 1.59 (mm/min) (5)

4.1.2 Surface Runoff

Based on the Chinese regulatory of Code for Design of Urban Road Engineering (CJJ37-2012,
2016), the average width of lanes should be 3.5 to 3.75 m in large cities, and that of sidewalks
should be at least 2m, but less than 10 m. It is assumed that the main roads in the city have four
3.5 m wide lanes and two 8 m wide sidewalks on both sides of road, then the total width of service
area is 30m. By assuming the interval distance between the two manholes is 100 meters, the area
controlled by one manhole (As) is given by:

Agy =30 x 100 = 3000 m? (6)

The required ranges and adopted values of parameters in terms of road and traffic design in China
are listed below (Table 2). Therefore, with the known rainfall intensity, service area and the runoff
coefficient, the flow rate of surface runoff (Qr) is given by:

Q, = CiAg, = 0.60 X 1.59 X 3000 X (1073/60) = 0.048 m3/s = 48 L/s (7)
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Table 2 Road and Traffic Management Facilities Design Standards in China (CJJ37-2012, 2016)

Average width Average width of

Amount of lanes Amount of sidewalks

of lanes sidewalks
Given Range 3.5-3.75 meters 2-8 2.0-10.0 meters 1-2
Adopted Design Value 3.5 meters 4 8.0 meters 2

4.2 Hydraulic Characteristics
4.2.1 Manning’s Formula

Manning’s formula, used to calculate the velocity of the open-channel gravity flow with the

known roughness coefficient and slope of the pipe, is given by Eq. (8).

v= % Rg VS (8)
Where,
V: manning’s velocity, m/s;
n: manning’s n, assume 0.013 for plexiglass pipe;
R: hydraulic radius, m;

S: slope of pipe, S=1%.

Therefore, for 350mm inlet pipe (under the full pipe flow condition), the hydraulic radius (R),

velocity (vp) and flow rate (Qp), respectively, are given by:

R_A_ nD? _D_O.35m_00875 )
TP T 4xmD 4 4 _omm
1 2
vp = 5573 X 0-08753 X V0.01 = 1.52m/s (10)
Vs
Qp =1, A=152m/s x 0.35% x i 0.146 m3/s (12)
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4.2.2 On-Site Layout and Profile
4.2.2.1 Off-line system

The off-line system is applied to ensure the safety of the device as well as the treatment process
(no overflows or backflows to the surface) when large storm events happened (Garbon, 2018). As
shown in Figure 6, the inlet pipe of the treatment device collects stormwater at the bottom part of
the upstream municipal manhole where a baffle wall is constructed. The purpose of the wall is to
convey the flow to the EVD up to the maximum treating capacity while anything larger than the

maximum capacity will overflow and flow to the downstream in the municipal system.

Municipal Sewer System

Upstream Downstream

Outlet of Device
Inlet of Device

Treatment Device

Figure 6 Diagram of the Off-line System of Experimental Vortex Device along with Municipal Sewer System

(Color of Grey stands for Municipal Sewer System while Light Blue is the EVD)

4.2.2.2 Orifice equation

The orifice equation is given by Eq. (12).
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Q = Cqlor/2gh (12)
Where,
Q: discharge flow rate, m%s;
Caq: coefficient of discharge;
Aor: area of orifice, m?;
g: acceleration from gravity, 9.81m/s?;

h: head acting on the centerline, m.

When the level of upstream stormwater reaches its highest (the upper edge of the baffle wall
installed in the municipal manhole upstream), the head acting on the center of the orifice will be
at the maximum value, as well as the discharge flow rate from the orifice (up to 0.146 m®/s under
full-pipe flow conditions). As a result, assuming C; = 0.6 and A = ©r? = 0.096 m?, the water
head above the center of the pipe, or the effective height of the baffle wall upstream, can be

calculated as:

2

( Q N\, 0146 )
" (CdAor) /29 = (m) /(2%9.81) = 0.33m (13)

Therefore, theoretically, the upstream manhole should have a baffle wall with a height of 0.805

meter to prevent overfeeding the treatment device as Eq. (14) shown.

Hpaffle-wan = 033 m +0.175m + 0.3 m = 0.805 m (14)

Where,
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Hbpatfie-wan: height of baffle wall, m;
0.33 m: effective height acquired in Eq. (13);
0.175 m: radius of the inlet pipe;

0.3 m: distance from the bottom to the lowest point of inlet pipe.

4.3 Sedimentation

4.3.1 Particle Size Distribution

According to the “Procedure for Laboratory Testing of Oil-Grit Separators Consider” (TRCA,
2014), six particle sizes were selected for sediment removal performance testing, which are 75
microns, 100 microns, 150 microns, 250 microns, 500 microns, and 710 microns, respectively.

Details will be presented in the following contents.

4.3.2 Stokes’ Law

According to the Stokes’ Law, the fluid flow is assumed to be in laminar condition without
turbulence, and the particles are further assumed to be spherical without interacting with each
other. As shown in Figure 7, the movement or status of any particle having a diameter of ‘d” (in
meter) is governed by the drag force Fq and the gravitational force Fg (the buoyant force has been
considered in the gravity term). By the time the drag force is equal to the gravity force, a balance
will be achieved and there will be no acceleration exist, hence the particle will reach its terminal

velocity (Tyson Ochsner, 2013).
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Figure 7 Illustration of Stokes’ Law
(Figure Reference: https://en.wikipedia.org/wiki/File:Stokes_sphere.svg)

According to Tyson Ochsner (2013), the Stokes’ Law is given by Eq. (15).

Fyg=6mXnXrxXu (15)

Where,
Fq: drag force;

n: viscosity of fluid (water), 0.001 kg/m/s at 20C;
r: radius of the particle, m;

u: terminal velocity, m/s.

Secondly, the formula of gravitational force incorporating the buoyant force is given by Eq. (16)

(Tyson Ochsner, 2013).

4
Fy =3mr® x (ps = pp)g (16)
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Where,

Fg: gravity of the particle;

ps: density of particle, kg/m?;

pr. density of fluid (water), 1000 kg/m?;

g: acceleration from gravity, 9.81 m/s2.

4.3.3 Terminal Velocity

By equalizing Fq and F4, combining Eq. 15 and 16 can derive the following formula:

d?g
= Tan X (ps — pr) (17)

Therefore, the terminal settling velocity for particles with a diameter of 75 um (dso) in 20<C water
IS given by:

(75 x 107°m)? x 9.81m/s? x (2650kg/m3 — 1000kg/m?)

=0. 18
18 X 0.001kg/m/s 0.005m/s (18)

U7s =

Similarly, when substitute the particle sizes: 100 um (dso), 150 um (d7s), 250 pm (dgo), 500 pm
(dgs), and 710 pum (d100) into Eq. (17), the terminal settling velocities for particles in 20<C water
will be, respectively:

(100 X 107°m)? x 9.81m/s* x (2650kg/m> — 1000kg/m?)
Y100 = 18 x 0.001kg/m/s

=0.01m/s (29)

_ (150 x 107°m)? x 9.81m/s? x (2650kg/m> — 1000kg/m?)
U150 = 18 X 0.001kg/m/s

= 0.02m/s (20)

(250 x 107°m)? x 9.81m/s* x (2650kg/m> — 1000kg/m?)
U250 = 18 x 0.001kg/m/s

=0.06m/s (21)
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(500 x 107°m)? x 9.81m/s? x (2650kg/m3 — 1000kg/m?)

= =0.22 22

Us00 18 x 0.001kg/m/s m/s - (22)
(710 X 107°m)? x 9.81m/s? x (2650kg/m3 — 1000kg/m3)

= = 0.45 23

U710 18 x 0.001kg/m/s m/s  (23)

4.4 Sediments Maintenance Frequency

4.4.1 Event-Mean Concentrations

According to a case study done by Shen et al. in 2016, the event-mean concentrations (EMCs) of
total suspended solids captured on three different impervious surfaces in Beijing are shown in
Table 3. The mean value of TSS concentration at main traffic roads is equal to 373.77 mg/L

(approximately 375 mg/L).

Table 3 Statistics of Event-Mean Concentrations (EMCs) for Storm Events in Beijing (mg/L) (Shen et al., 2016)

Impervious Surface Statistics CcOoD TSS TP Fe Zn
Mean 346.92 43.07 0.11 0.22 4.40
Roof Standard Deviation 241.88 31.78 0.11 0.36 7.52
Max 856.67 99.50 0.42 1.24 26.49
Min 18.95 14.77 0.01 0.01 0.21
Mean 561.75 286.94 1.23 0.09 0.11
S X iati 719.30 187.96 1.73 0.08 0.05
Road in Residential Area Standard Deviation ’ ’
Max 2537.50 654.82 6.25 0.28 0.19
Min 46.82 101.55 0.10 0.02 0.02
Mean 570.70 373.77 0.16 0.11 0.06
S X iati 489.41 186.23 0.20 0.26 0.05
Main Traffic Road Standard Deviation 3
Max 1795.00 608.74 0.69 0.84 0.19
Min 25.68 100.64 0.02 0.01 0.01

However, the standard of “Procedure for Laboratory Testing of Oil-Grit Separators” (TRCA, 2014)
requires that a constant concentration of 200 mg/L (25% of deviation) be conducted over the
whole duration of each experiment (25 minutes). Therefore, at the first stage of physical

experiment, the concentration of 200 mg/L is adopted prior to Beijing’s EMC because of the time
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limit and the alignment with Canadian regulation. The next stage of TSS removal experiment will

focus on a higher concentration of 375 mg/L according to Shen et al. (2016).

4.4.2 Sediments Clearance

4.4.2.1 Hydrograph

It is assumed that the hydrograph of the place of interest (i.e., Beijing or the city of Tianjin, in
mq/s) has a triangular shape with a base of 2.67t, and a peak of Q, (Li, 2018). The area of this
triangle is the volume of the stormwater per designed rainfall event, which can be determined as
follows (the letters ‘ra’ stand for ‘rainfall’ while ‘t¢’ is ‘time of concentration’):

2.67t, = 2.67 X 10 min = 26.7 min = 1602 s (24)

Vg = 0.5 %X 2.67t, X Q, = 0.5 X 1602 s X 0.048 m3/s = 38.45m3 = 38450 L (25)

The volume of sediments generated per rainfall event can thus be determined by Eq. (26).

M, V,xC 38450 L x 200 mg/L X 10 %)k
=M _VraxC_( 9/ k9 _ 2001 (26)
Ds Ps 2.650kg/L

Where,

Ms: mass of sediments generated per rainfall event;

Vra: volume of stormwater generated per designed rainfall event, computed as 38.45 m?;
Cs: concentration of TSS;

Vs: volume of sediments generated per rainfall event;

ps: density of sediments, 2.650 kg/L.
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Since the device has a deposit bottom with a height of 0.5 meter, the sediments accumulation
should not exceed the lower edge of the central vertical outlet pipe. The maximum capacity of the

bottom of EVD (i.e., total volume of accumulated sediments) is given by the following equation.

Ve max = T X ()% X hg = 0.565 m3 = 565 L (27)
Where,
Vs.max: maximum total volume of sediments;
I'm: radius of manhole;

hs: height of accumulated sediments.

4.4.2.2 Clearance Frequency

The total number of designed rainfall events (T = 1 year) can be determined as follow:

- ~ 195 (28)

Therefore, theoretically, the sediments will be accumulated fully at the deposit bottom of EVD
after about 195 times of 1-year rainfall event, and hence maintenance is needed. However, the
rainfall events are always stochastic and unpredictable, and the practical clearance frequency shall

be determined based on actual observation and analysis.

4.5 Oil Removal

Supposedly, after rain stops, the water level inside the device will gradually decline and then stay
unchanged when it reaches the lower edge of outlet pipe. Since the arc baffle is blocking the

floating substances from escaping the treatment device, the oil and floatable debris will be trapped
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behind the arc baffle and be stayed afloat above the water layer. All these floating substances will
generate a hydraulic head which pushes down the oil-water interface and squeeze out a bit of water

to the downstream through the outlet pipe.

Based on the liquid pressure formula P = pgh, the pressure of both water and oil can be
determined. It is worth mentioning that the density of pure water (pw) is 1000 kg/m?, which is
considered as the density of the stormwater; meanwhile, the density of petroleum is approximately

800 kg/m?, which is considered as the density of oil (po) contained in the surface runoff.

Py = pwhw " g (29)
P, = poho- g (30)
Where,
P: liquid pressure (‘w’ for ‘water’, ‘0’ for ‘oil’, Pa);
p: density of liquid (‘w’ for “water’, ‘o’ for “oil’, kg/m®);

h: height or thickness of liquid layer, (‘w’ for ‘water’, ‘0’ for ‘oil’, m);

g: acceleration from gravity, 9.81 m/s2.

By equalizing two liquid pressures, the relationships between the thickness of the oil and the
height of the water at the steady state is given by:

1000 - h,, = 800 - h, (31)
Therefore,

h, =08+ h, (32)
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There are two critical cases at which oil will escape from the treatment system: (1) When overflow
occurs from the arc baffle; and (2) when the oil-water interface reaches the lower edge of the

central vertical outlet pipe.

The first case is relatively harder to control, because the water level will change with the inflow
rate. When the inflow rate is large, the water level will rise, hence not much of the oil can be kept
inside the device behind the arc baffle, let alone the critical situation when the water level exceeds
the arc baffle and generate overflows. However, for the second case, some assumptions can be
made based on the equations above. When the height of water layer is 500 mm (the height of the
sediments deposit bottom), the theoretical thickness of oil layer is 625 mm which is the maximum
distance from the lowest edge of the central vertical outlet pipe to the top of the oil layer. By that

time, oil cleaning-up is needed in order to prevent any leakage.

The average concentration of oil pollutants (Co) in initial period of surface runoff in Beijing is 65
mg/L, and the coefficient of variation varies from 0.4 to 2.0 (Che et al, 2003). Therefore, by
assuming the coefficient of variation to be 2.0, Beijing’s maximum concentration of oil pollutants
can be computed to be 130 mg/L. Therefore, the mass as well as the volume of oil generated per

designed rainfall event can be determined respectively by Eqg. 33 and 34.

M, =V,u X C, = 38450 L x 130 mg/L x 107® = 5.0 kg (33)

M, 5.0 kg

VO=E=W=6.25L (34)

Where,
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Mo: mass of oil generated per rainfall event, kg;

Vra: volume of stormwater generated per designed rainfall event, computed as 38.45 m®,
Co: concentration of oil (i.e., petroleum), kg/L;

Vo: volume of oil generated per rainfall event, L;

Po: density of oil (i.e., petroleum), 0.8 kg/L.

The difference between the volume of the larger cylinder (i.e., manhole) and that of the smaller
cylinder (i.e., central vertical outlet pipe) is the effective storing volume for accumulated oil with

a maximum thickness of 0.625 m and is given by Eq. 35 below.

Ve = Vin = Veyop = 0 X [(1)? — m(13)?] X hy = 0.676 m® = 676 L (35)
Where,
Ve: effective storing volume for oil;
Vm: volume of manhole;
Vevop: Volume of central vertical outlet pipe;
'm: radius of manhole;
revop: radius of central vertical outlet pipe;

ho: thickness of oil layer.

4.6 Summary

In this chapter, all the associated mathematical calculations as well as the theoretical principles
were introduced where the basic characteristics related to the hydrology, hydraulics,

sedimentation, and maintenance frequency, were determined step by step.
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5.0 EXPERIMENTAL PROCEDURE

The main purpose of this research is to investigate the challenges of using the regulatory guideline,
prepared by TRCA (2014), which titled “Procedure for Laboratory Testing of Oil/ Grit Separators”
(referred to in this paper as the “Procedure”), to test TSS/ water separation performance of device.
By conducting the laboratory experiments on an innovative EVD with similar designs combining
typical features of HDVS and OGS technologies, detailed conclusions and recommendations can

be developed for future users of the Procedure.

5.1 Standards and Protocols

The setup of the physical model and the associated laboratory experiment process followed the
Procedure (TRCA, 2014) primarily. Other than this, the criterion developed by the New Jersey
Corporation for Advanced Technology (NJCAT) titled “Procedure for Obtaining Verification of
a Stormwater Manufactured Treatment Device from New Jersey Corporation for Advanced
Technology: for use in accordance with the Stormwater Management Rules, N.J.A.C. 7:8” (2013)
is also a guideline for this research. NJCAT’s procedure clearly established the rules for obtaining
the certificate from the NJDEP (New Jersey Department of Environmental Protection) by those
manufacturers who have developed the manufactured stormwater treatment devices and would
like to be verified by NJCAT. Furthermore, associated regulations and local by-laws regarding
the assembling of model and usage of experimental analyzing facilities, etc. in Beijing and/or the
city of Tianjin, China, are the important standards of this research as well. For instance, as
mentioned in Section 4.1.1 and 4.1.2, the rainfall IDF curve formula in the city of Tianjin (Fan,

2011); the requirements regarding the average return period, the runoff coefficient (C), and the
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interval distance between two manholes (GB50014-2006, 2014); along with the road and sidewalk

design standards in China (CJJ37-2012, 2016), have been specified earlier in this report.

5.2 Procedural Details

In this section, the details of Procedure are described because they are the key requirements to
follow in order to conduct a successful physical test with a high reliability and validity. Some
adjustments of the Procedure were needed to ensure the testing can be conducted within the

limitations of the laboratory and material supplies.

5.2.1 Scale Requirements

According to the TRCA procedure, “the tested manufactured treatment device (MTD) must be a
full scale” with identical configuration and components to the greatest extent for the practical in-
situ installation. Obviously, a 1:1-real-scale experimental vortex device (EVD) model will ensure
the authenticity and the reliability of the results because no scaling and transforming of results
will be involved, which also reduce the difficulty of the numerical analysis using the acquired

data.

5.2.2 PSD of Sediments

In order to estimate the mass of sediments generated per rainfall event and then successfully
conduct laboratory experiments, the Particle Size Distribution (PSD) of surface runoff at the place

of interest is mandatorily required.
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According to a research (Li et al., 2003) with more than 10 storm events during the year from
2001 to 2002, the PSD from different surfaces of urban areas in Beijing were obtained. Li et al.
conducted the sedimentation experiments based on the PSD and the results showed that the
equivalent scattered light particle diameters D50 and D97 were within 50um and 100pum
respectively; equivalent settling velocity diameters D50 and D90 were within 25um and 90um
respectively. It is concluded that the equivalent scattered light particle diameter and the equivalent
settling velocity diameter be used to represent the rainwater particle sizes (Li et al., 2003).
However, those data were collected almost 20 years ago, urbanization has caused significant
changes to urban areas in China, especially in its capital city. Therefore, a more suitable PSD data

for the current status is needed.

According to the Procedure, “the test sediment used for sediment removal performance testing
shall be comprised of inorganic ground silica with a specific gravity of 2.65 (i.e. ps=2650 kg/m?),
uniformly mixed to meet the particle size distribution shown in table below (Table 4), which
includes a broad range of particles from clay to coarse sand” (TRCA, 2014). However, due to the
limited time of experiments and the purchasing difficulty, only six particle sizes are selected
within the range for sediment removal performance testing, which are 75 microns, 100 microns,
150 microns, 250 microns, 500 microns, and 710 microns, respectively, and the particle size range
will be modified to: <75 pm (50%), 75-100 pm (10%), 100-150 pm (15%), 150-250 pm (15%),

250-500 m (5%), and 500-1000 pm (5%), accordingly (Table 5).

Furthermore, before running the tests, the sediments must be uniformly mixed. Three samples shall

be taken and the average of which can vary from the ‘Percent Less Than’ value by 6% (e.g., for
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100-micron particles’ sample, the ‘Percent Less Than’ value should be 60% + 6%). If the specified

value exceeds this allowance threshold, a report must be accomplished (TRCA, 2014).

Table 4 Particle Size Distribution Required for the Removal Testing (TRCA, 2014)

Particle Size (um) F;_i;??ﬁf: FPr :\:tl;:c:?l (S;Zr:) Percentage (%)
1000 100 500-1000 5
500 95 250-500 5
250 90 150-250 15
150 75 100-150 15
100 60 75-100 10

75 50 50-75 5
50 45 20-50 10
20 35 8-20 15
8 20 5-8 10
5 10 2-5 5
2 5 <2 5

Table 5 Modified Particle Size Distribution for Laboratory Experiments

Particle Size (pm) T_Z;c:r.;;a:: FF:_ 2::;2‘:‘ (SI.:T:) Percentage (%)
710 100 500-1000 5
500 95 250-500 5
250 90 150-250 15
150 75 100-150 15
100 60 75-100 10
75 50 <75 50

5.2.3 Test Parameters

5.2.3.1 Background conditions

There are two requirements need to be satisfied for the conditions of background. Firstly, five
background TSS water samples shall be taken from the water source, and the average
concentration of which must not exceed 20 mg/L in order to make sure accumulative effects from
the system will not be generated. Secondly, the water temperature shall be lower than 25<C

(TRCA, 2014).
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5.2.3.2 Flow rates and duration

The tested flow rates were chosen to be align with requirements and empirical cases in Beijing
and the city of Tianjin, China. Due to the time limitations, finance and technical conditions, only
5 L/s and 10 L/s were selected to be tested. Nonetheless, there are seven surface loading rates
(SLRs, or Surface Overflow Rates) that are required by the Procedure. Full range of flow rates
shall be tested for future research. Moreover, all the hydraulic experiments shall be conducted

under the steady-state condition.

Table 6 Required SLRs and the Corresponding Flow Rates (TRCA, 2014)

Required SLRs (L/min/m°) Flow Rates (L/s)

40 0.75
80 1.51

200 3.77

400 7.54

600 11.31

1000 18.85

1400 26.39

In addition to 5 and 10 L/s, more flow rates shall be tested in the future experiments as required
by the Procedure. As Table 6 shown above, the required SLRs: <40, 80, 200, 400, 600, 1000 and
1400 L/min per square meter of the effective treatment area” (TRCA, 2014) are given in the left
column (effective treatment area is the sedimentation area of the device). As a result, the
corresponding flow rates can be determined (given in the right column of Table 6). An example
of transforming the required SLR to the corresponding flow rate is given by:

Flow Rate (L/s) =40 L/min/m? x n X (0.6 m)? = 45.24 L/min = 0.75 L/s (36)
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The Procedure states that the test duration shall be either 25 minutes or “the time for 8 complete
volume exchanges in primary sedimentation chamber”, whichever is greater (TRCA, 2014). Since
the model has a sedimentation chamber with a dimension of 0.5-meter in depth and 0.6-meter in
radius, the volume as well as the time for 8 complete volume exchanges under 5 L/s (critical

situation) is given by the following equations.

Vehamber = T X Rdevice2 X Rehamper = T X 0.6> x 0.5 = 0.565 m> = 565 L (37)

_ 8XVehamper 8% 565L
max Qprocedure 5 % 60 (L/min)

= 15 min (38)

Where,

Vehamber: VOlume of the sedimentation chamber;

Rdevice: radius of the device;

hchamber: height of the sedimentation chamber;

Tmax: maximum time for 8 complete volume exchanges;

Qprocedure: flow rates required by TRCA procedure.

Therefore, in this research, all the tests were conducted over the same duration of 25 minutes after
reaching the steady state flows. However, the duration of tests might be different when flow rates
required by the Procedure are applied. For the cases of SLR equals 40 and 80 L/min/m?, the time
required for 8 volume exchanges will be a lot larger than 25 minutes. In those cases, the duration
shall be adjusted accordingly. In addition, the flow rates should be recorded at a maximum 30-
second interval throughout the whole experiment period and shall not exceed the fluctuation

threshold of #10% with a Coefficient of Variation (COV) less than 0.04.
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As shown in Table 7, the flow measurements retrieved from three batches of experiments, which
were collected every 30 seconds over 25 minutes for both 5 and 10 L/s flow, are analysed. The
COV requirement was met perfectly for all records, and the value of the average flows fell within
the +10% threshold as well (e.g., for 5 L/s, the range is 4.5 L/s to 5.5 L/s). Additionally, the flow
measurement results also demonstrated the steadiness of the inflow rates and the high reliability

of the flow condition.

Table 7 Mean, Standard Deviation and Coefficient of Variation of Two Flow Rates

Batch No.
Flow Rate: SL/s
1 2 3
Mean 4.92 5.07 5.01
Standard Deviation 0.12 0.17 0.08
cov 0.02 0.03 0.02
Batch No.
Flow Rate: 10 L/s ate i
1 2 3
Mean 9.89 9.75 10.05
Standard Deviation 0.20 0.21 0.25
cov 0.02 0.02 0.03
Note: 5.0 L/s £10% —4.5L/s —~ 5.5L/s; 100 L/s = 10% — 9.0 L/s ~ 11.0 L/s.

5.2.3.3 Influent TSS concentration and the injection location

According to the Procedure, a sediment feeding instrument should be calibrated before use. The
requirement of a constant delivery of TSS concentration of 200 mg/L with #25 mg/L fluctuation
throughout the whole test duration of 25 minutes must be satisfied by the feeding instrument. In
addition, the distance between the injection point of the sediments and the inlet of device shall be
either 3 meters or 5 times as much as the diameter of the inlet pipe, whichever’s smaller (TRCA,

2014). Since the diameter of the inlet pipe of EVD is 0.35 meter, so the sediment auto-feeding
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machine was installed at the point of 1.75-meter (5 times 0.35m) upstream of the device’s inlet.

Once the flow rate becomes steady, a uniform sediment injection shall be immediately initiated.

5.2.3.4 Preparation of Sediments

Since the influent flow should have a constant concentration of 200 mg/L throughout the whole
duration of 25 minutes (TRCA, 2014), with the fixed test flow rates and modified PSD (presented
in Table 5), the total mass of sediments needed for each experiment can be determined by Eq. (39).

Table 8 presents the masses needed for sediments with different sizes.

Ms_test = Qtest X Tau X Cs (39)
Where,
Ms-test: sediments’ total mass, g (Ms-s and Ms.10 stand for total mass under 5 L/s and 10 L/s flows);
Qtest: test flow rate, 5 L/s or 10 L/s;
Tqu: test duration, 25 minutes;

Cs: concentration of sediments, 0.2 g/L.

Therefore, the corresponding total mass required per test under 5 and 10 L/s will be:

M,_s = 5L/s x (25 x 60)s X 0.2g/L = 1500g (40)

M;_10 = 10L/s x (25 x 60)s X 0.2g/L = 3000g (41)
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Table 8 Individual Preparation for Sediments with Different Sizes

Particle Size (pm) Percentage (%) Mass(gram, 5 L/s) Mass(gram, 10 L/s)
710 5 75 150
500 5 75 150
250 15 225 450
150 15 225 450
100 10 150 300
75 50 750 1500
Total 100 1500 3000

5.2.3.5 Collection of sediments

At the end of each experiment, the water level will be maintained at the level of the lower edge of
the outlet pipe. After 1-hr of sedimentation, the remaining water can be roughly distinguished as
two zones: (1) clear water zone; and (2) deposit zone. In this research, because the test flow rates
are relatively small, the influent sediments are not very significant. As a result, a practical decision
was made to set the height of deposition zone to be 30% of the height of the bottom of EVD below
the central outflow pipe (i.e. 500 mm). The very last 150 mm of the remaining fluid in the device
shall be collected in a proper way to prevent inaccuracy of the final results (30% >500mm
=150mm). The percentage of 30% should be adjusted (i.e., increased) when the test flow rates are

larger than 10 L/s.

The water in the clear zone contains limited amount of TSS, thus can be discarded by a small
suction pump. What is unique is the collecting mechanism of the trapped sediments in the
deposition zone. In this zone, it is assumed that the mixture of the water and sediments is the
amount of sediments trapped by the EVD. If a pump is applied to suck out this amount of water,
there is a possibility that some sediments may be trapped inside the machine or elsewhere, and
hence decreases the accuracy and reliability of the test results. In order to facilitate the collection
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of sediments from the bottom of EVD, a cone-shaped sloping base (5% slope was adopted) with
a ‘sludge’ pipe installed at the middle of the base was installed. The trapped sediment collection
process can be described as follows (the brief description of the laboratory schedule can be found

in Appendix A).

1. Discard the supernatant (i.e., clean water at the upper layer) by a smaller suction pump;

2. Stop pumping the water when the level approaches the deposit zone;

3. Prepare a screen with a mesh size as fine as 75 um (i.e., anything larger than or equal to
this size will be trapped) and place it at the outlet of the ‘sludge’ pipe at the base of the
model,

4. Open the valve of ‘sludge’ pipe to release residual liquid (mixture of water and sediments);

5. After drained out, flush the EVD model with clean water (hose might be needed);

6. Stop flushing when there are no sediments left everywhere in the model;

7. Close the valve, and remove the screen;

8. After drying, measure the mass of the collected sediments, analyse the PSD of the collected

sediments, determine the individual and overall removal efficiency of TSS.

Instead of collecting sediments from the outlet pipe and calculating the difference between the
mass of sediments in the influent and effluent, collection of trapped sediments at the bottom can
directly show the total quantity of TSS removed by the EVD. Given the influent sediment quantity,
the treatment efficiency of TSS can be determined. Furthermore, it will be very troublesome and
inconvenient to collect the effluent at the outlet pipe of EVD throughout the whole 25 minutes

duration, more efforts will be needed with less efficiency.
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5.2.3.6 Effluent screening and analysis

For the physical model experiments, a flow-recirculation system was adopted. In order to avoid
the accumulative impact from background sediments/ oil concentration, a filter with a mesh size
of 75 um (like the screen discussed earlier) was installed before the inlet of the recirculation pump.
As discussed in 5.2.3.5, the sediments captured by the screen will be dried before weighted, and

afterwards, be evenly mixed and analysed for the particle size distribution as per the Procedure.

5.3 Equipment and Apparatuses

This section specifies the essential equipment and apparatuses for the physical experiments of the

TSS and/or oil removal.

5.3.1 Experimental Apparatuses

The necessary apparatuses for the experiments are listed below:

1. Recirculation pump: A submerged pump was selected to serve the full range of flow rate
requirement. The submerged pump was Item No. QY200-10-7.5A, with specifications
listed as: (1) Maximum flow rate of 200 m®/h; (2) maximum hydraulic head of 10 meters;
(3) power of 7.5 kilowatt; (4) rotational speed of 3000 r/min; and (5) pipe inner diameter of
200 millimeters.

2. Suction pump: Clearance of clean water stored in the model after each test;

3. Weighting and measuring device: To weight and measure the mass of sediments having
different particle sizes according to the percentages in Table 5;

4. Stirring machine: For uniform mixing of the sediments in accordance to the specified PSD

before introducing to the inflows, as per the Procedure;
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5. Feeding instrument: Evenly distribution of all the well-prepared sediments to the inflows
throughout the whole duration (i.e., 25 minutes) of each test;

6. Filter screens: Two sets of screens were used. One screen is installed at the wall in between
the turbid pond and clean-water pond (see Section 7.2 for details), and another one is used
to collect the captured sediments by the model at the outlet of ‘sludge pipe’. The filter
screens shall have a mesh size the same with the finest particle size required in the tests;

7. Drying stove: Used for drying the collected sediments. After which, mass measuring and

PSD analysis of the TSS can be proceeded.

5.3.2 Monitoring Equipment

There were three types of monitoring instrument applied in the physical experiments, the function
of which are listed below:

1. An Acoustic Doppler Velocimeter (ADV) was used to continuously monitor and record the
real-time velocity vectors (in X, Y, and Z axis) at the designated points inside the EVD
throughout the 25-min duration of tests.

2. Water level probes were used to continuously monitor and record the real-time water levels
under different flow rates at three different locations simultaneously throughout the test
duration of 25 min.

3. A flow meter was used to continuously monitor the real-time flow rates and velocities of

inlet pipe.

The measurements of 2 sets of velocity vectors and 3 sets of water levels inside the EVD of each

experiment were used for a Computational Fluid Dynamic (CFD) model calibration. As for the
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flow meter, as discussed in 5.2.3.2, it is required by the Procedure to record the flow rates at a
maximum 30-second interval throughout the whole experimental period. The flow rates will be
accepted only when the (recirculation) pump can be able to provide a stable flow with a +10%

fluctuation threshold and a COV that is smaller than 0.04.

5.3.3 Laboratory Analysis Equipment

The equipment for laboratory analysis is one of the most indispensable ‘hardware’ in the research
project. In this project, two types of laboratory analysis equipment are listed below:

1. PSD analyser: The analysis of the particle size distribution of both the influent and the
captured TSS is the main method to determine the sediments treatment efficiency of the
experimental vortex device (EVD). As described earlier, the sediments shall be well-mixed
and uniformly stirred before they are introduced to the model. In order to ensure the
uniformity of the sediments, as per the Procedure, “3 samples of the well mixed test
sediment shall be collected and analyzed for PSD. In addition, 1 sample of the test sediment
used for each flow rate test shall be collected and analyzed for PSD” (TRCA, 2014).
Furthermore, the PSD of the captured sediments shall be analysed as well (after drying).
By comparing the difference between the influent and the captured TSS, the performance
of the overall treatment efficiency as well as the individually sized removal efficiencies can
be determined accordingly.

2. Sampling bottles and the Imhoff cone: In order to measure the background TSS
concentration, which cannot exceed 20 mg/L as per the Procedure, multiple (three or more)

sampling points shall be adopted for a reliable result.
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5.4 Summary

This chapter presents the detailed experimental calculations which are required to meet the
standard protocol stated in the “Procedure for Laboratory Testing of Oil/ Grit Separators” (TRCA,
2014) and the final experimental procedure based on practical considerations and laboratory
limitations. Furthermore, the essential equipment and apparatuses of the experiments are specified.

Table 9 summarizes the key requirements stated in the Procedure and the final laboratory scheme

adopted.

Table 9 Comparison between Key Requirements Stated in TRCA's Procedure and Practical Measures

No. Key Requirements (TRCA, 2014) Adopted Scheme
1 |[Scale: 1:1. Real-size physical model (D: 1.2m; H: 1.8m).
) . Two flow rates (5 and 10 L/s) were tested, both satisfied
2 7 Hyi 4 / %; COV . . . i .
Flow Rates: from 5 to 48 L/s (+10%; COV < 0.04) the +10% threshold with an average COV of 0.02.
3 |Constant Concentration: 200 mg/L (25 mg/L). As required.
Test Duration: "Either 25 minutes or the time required
4 |for eight complete volume exchanges during primary 25 minutes.
sedimentation, whichever is larger."
PSD: “The test sediment used for sediment removal tese
shall be comprised of inorganic ground silica with a . o _
. s X ; ) Six sizes were chosen (75 pm, 100 um, 150 pm, 250 [,
5 |specific gravity of 2.65, uniformly mixed to meet the 00 d1000 jm) hown in Table =
required PSD (Table 4), which stands for a broad range of | HIL, an HI), as showrlin lable 5.
particles from clay to coarse sand.”
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6.0 EXPERIMENTAL RESULTS

After conducting a series of experiments on the real-scale physical model (dimensions are given
in Appendix B) under different scenarios, many sets of data were collected. For both the flow
rates of 5 L/s and 10 L/s, the obtained data include:

1. 6 sets of particle size distribution (PSD) data for influent sediments analysis;

2. 6 batches of trapped sediment samples needed for PSD analysis;

3. 3 flow rate records for the determination of the mean value and standard deviation;

4. real-time water velocity measurements at 2 locations inside the model,;

5. continuous collection of the water levels at 3 different locations simultaneously.

The first to the third sets of data were used to estimate the overall and particle sized TSS treatment
efficiencies while the fourth and the fifth sets of data will be used to calibrate a CFD model for
future research. In this report, the discussion of experimental data focuses on the first to the third

sets of data.

6.1 Laboratory Results and Analysis

6.1.1 Flow Rate

The flow rate results recorded from three batches of experiments are shown in Table 7. The COV
requirement was met perfectly for all records, and the value of the average flows all fall within

the #10% threshold as well.
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6.1.2 Particle Size Distribution

One of the main objectives of this research is to find out the treatment efficiency of experimental
vortex device (EVD). As discussed earlier in Section 5.2.2, the required PSD of test sediments are
listed in Table 4 (TRCA, 2014). However, due to the time limitation, modifications have been
made to the required PSD (given in Table 5). The PSD, accumulation range, fluctuation threshold,

and mass of influent sediments are presented in Table 10.

Table 10 Particle Size Distribution, Accumulation Range, Fluctuation Threshold, and Mass of Influent Sediments

Flow Rate: SL/s

Range of Size (um) Particle Size (um) PSD (%) Ag{::z.:l;r;:;n Fh;ir:%;mn Mass (g)

500-1000 710 5 100 94-100 75
250-500 500 5 95 89-100 75
150-250 250 15 90 84-96 225
100-150 150 15 75 69-81 225

75-100 100 10 60 54-66 150

- 75 50 50 44-56 750

Sum - 100 - - 1500

Flow Rate: 10 L/s

Accumulation Fluctuation

Range of Size (um) Particle Size (um) PSD (%) Range (%) (£6%) Mass (g)
500-1000 710 5 100 94-100 150
250-500 500 5 95 89-100 150
150-250 250 15 90 84-96 450
100-150 150 15 75 69-81 450
75-100 100 10 60 54-66 300

75 50 50 44-56 1500
Sum - 100 - - 3000

In order to satisfy the Procedure, the PSD of three samples of the well-mixed sediments for each
test should have a maximum 6% fluctuation from the average PSD. Since each test had a batch of
the influent and captured sediments, six samples of sediments were collected for the PSD analysis

for the two test flows. Together with the measured total mass (after drying) of each batch, the
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average overall and particle sized removal efficiencies were determined as shown in Table 11.
Table 12 and 13 present the overall and particle sized sediment removal efficiencies of each
sample for 5 and 10 L/s of test flows. It is noted that the removal efficiency of 710 um in Table

12 is smaller than that of 500 um for Batch 5-3. The reason might be the instrumental errors.

Appendix C compares the overall and particle sized treatment efficiencies of the 2 test flows while
Fig. 8 simplifies the bar graphs by showing the proportional comparison of particle sized treatment
efficiencies between 5 and 10 L/s. In addition, line charts presenting the trend of treatment

efficiency of individual sized particles as well as the trend of removal performance of all scenarios,

are given in Appendix D and E respectively.

Table 11 Removal Efficiency Results of Effluent Sediments' Particle Size Distribution

Size (um) 5-1 5-2 5-3 Average
710 100.0% 100.0% 61.2% 87.1%
500 100.0% 100.0% 100.0% 100.0%
Flow Rate: 5 L/s 250 86.0% 83.0% 73.7% 80.9%
150 91.4% 83.6% 78.9% 84.6%
100 76.7% 71.0% 71.0% 72.9%
75 20.1% 19.7% 23.1% 21.0%
Overall 55.0% 52.1% 49.6% 52.2%
Size (um) 10-1 10-2 10-3 Average
710 100.0% 100.0% 100.0% 100.0%
500 100.0% 100.0%% 100.0% 100.0%
Flow Rate: 10 L/s 250 95.1% 93.6% 81.8% 90.2%
150 74.0% 77.1% 58.7% 69.9%
100 41.4% 47.0% 43.3% 43.9%
75 9.9% 11.8% 10.5% 10.7%
Overall 45.3% 46.8% 41.2% 44 4%
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Table 12 Recorded Overall and Individual Sediments Removal Results (5 L/s Test Flow)

TSS Removal Reco

rd - Adjusted PSD

Date; 2020-Jan-10

Flow (L/s) 5 Grain Size/Sizes (microns): 710 (d100), 500 (d95), 250
Angle of Pipes () 60 (d90), 150 (d75), 100 (d60), 75 (d50).
Overall Results
Total Mass of TSS Inflow| Total Mass being Trapped Total Removal Percentage (%)
(kg) (kg) =
Batch #1 0.825 55.0%
Batch #2 1.5 0.782 52.1%
Batch #3 0.744 49.6%
Mean - 0.784 52.2%
Standard Deviation - 0.041 0.027
Discrete Results

Size: 710 microns

Mass of TSS Inflow (kg)

Mass being Trapped (kg)

Total Removal Percentage after
Correction(%a)

Batch #1 0.0408 100.0%
Batch #2 0.075 0.0265 100.0%
Batch #3 0.0095 61.2%
Mean - 0.0256 87.1%
Standard Deviation - 0.0156 0.224
Size: 300 microns Mass of TSS Inflow (kg) | Mass being Trapped (kg) fotal Rm,][wﬂ] ]TerL\.L:',l.mg: alter
Correction( %)
Batch #1 0.1216 100.0%
Batch #2 0.075 0.1319 100.0%
Batch #3 0.1114 100.0%
Mean - 0.1216 100.0%
Standard Deviation - 0.0103 0.000

Size: 250 microns

Mass of TSS Inflow (kg)

Mass being Trapped (kg)

l'otal Removal Percentage after
Correction(%o)

Batch #1 0.1811 86.0%
Batch #2 0.225 0.1782 83.0%
Batch #3 0.1657 73.7%
Mean - 0.1750 80.9%
Standard Deviation - 0.0082 0.064

Size: 150 microns

Mass of TSS Inflow (kg)

Mass being Trapped (kg)

Total Removal Percentage after

Correction(%6)

Batch #1 0.2056 01 4%
Batch #2 0.225 0.1881 83.6%
Baich #3 0.1776 78.9%
Mean - 0.1904 84.6%
Standard Deviation - 0.0141 0.063

Size: 100 microns

Mass of TSS Inflow (ke)

Mass being Trapped (kg)

Total Removal Percentage after
Correction(%6)

Batch #1 0.1150 76.7%
Batch #2 0.150 0.1064 T1.0%
Batch #3 0.1065 71.0%
Mean - 0.1093 T72.9%
Standard Deviation - 0.0049 0.033

Size: 75 microns

Mass of TSS Inflow (kg)

Mass being Trapped (kg)

Total Removal Percentage after
Correction(%o)

Batch #1 0.1510 20.1%
Batch #2 0.750 0.1480 19. 7%
Batch #3 0.1732 23.1%
Mean - 0.1574 21.0%
Standard Deviation - 0.0138 0.018

54



Table 13 Recorded Overall and Individual Sediments Removal Results (10 L/s Test Flow)

TSS Removal Record - Adjusted PSD

Date: 2020-Jan-05

Flow (L/s)

10

Angle of Pipes (%)

60

Grain Size/Sizes (microns): 710 (d100), 500 (d95), 250
(d90), 150 (d75), 100 (d60), 75 (d50).

Overall Results

Total Mass of TSS Inflow

Total Mass being Trapped

l'otal Removal Percentage (%a)

(kg) (kg)
Batch #1 1.358 45.3%
Batch #2 3.0 1.403 46.8%
Batch #3 1.235 41.2%
Mean - 1.332 44 4%
Standard Deviation - 0.087 0.029

Discrete Results

Size: 710 microns

Mass of TSS Inflow (kg)

Mass being Trapped (kg)

l'otal Removal Percentage after
Correction(%o)

Batch #1 0.1011 100.0%
Batch #2 0.15 0.0836 100.0%
Batch #3 0.0734 100.0%
Mean - 0.0860 100.0%
Standard Deviation - 0.0140 0.000

Size: 500 microns

Mass of TSS Inflow (kg)

Mass being Trapped (kg)

Total Removal Percentage afier

Correction(%)

Batch #1 0.3513 100.0%
Batch #2 0.15 0.3571 100.0%
Batch #3 0.2846 100.0%
Mean - 0.3310 100.0%
Standard Deviation - 0.0403 0.000

Size: 250 microns

Mass of TSS Inflow (kg)

Mass being Trapped (kg)

Total Removal Percentage afier

Correction(%a)

Batch #1 0.3428 95.2%
Batch #2 045 0.3494 93.6%
Batch #3 0.3101 81.8%
Mean - 0.3341 90.2%
Standard Deviation - 0.0210 0.073

Size: 150 microns

Mass of TSS Inflow (kg)

Mass being Trapped (kg)

l'otal Removal Percentage after
Correction(%o)

Batch #1 0.2661 74.1%
Batch #2 0.45 0.2778 T7.1%
Batch #3 0.2640 58.7%
Mean - 0.2693 70.0%
Standard Deviation - 0.0074 0.099

Size: 100 microns

Mass of TSS Inflow (kg)

Mass being Trapped (kg)

Total Removal Percentage afier

Correction(%)

Batch #1 0.1242 41.4%
Batch #2 0.30 0.1410 47.0%
Batch #3 0.1299 43.3%
Mean - 0.1317 43.9%
Standard Deviation - 0.0085 0.028

Size: 75 microns

Mass of TSS Inflow (kg)

Mass being Trapped (kg)

Total Removal Percentage afier
Correction(%)

Batch #1 0.1484 9.9%
Batch #2 1.50 0.1772 11.8%
Batch #3 0.1570 10.5%
Mean - 0.1609 10.7%
Standard Deviation - 0.0148 0.010
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Figure 8 Proportional Comparison of Individually Sized Treatment Efficiencies between 5 and 10 L/s

From the results, the particle sized treatment efficiency was observed to decline with the particle
size. As the flow rate doubled to 10 L/s, the overall TSS removal efficiency decreased from 52%
to 44% (if excluding the data from Batch 5-3, a higher removal efficiency can be derived under 5
L/s flow with an overall performance of 54% instead of 52%). In the meantime, the removal
efficiency of 100-um particles dropped significantly (approximately 30%), while that of 250-pum

particles increased slightly, which is, unexpectedly, contrary to the general trend.

6.2 Evaluation and Comparison

As stated in Chapter 2, technologies such as HDV'S and OGS are both highly preferred due to the
reasonable removal efficiency of sediments with a typical range of 40% to 60%, while some can
be higher. The claimed performance was further proved in a site performance assessment report
prepared by SWAMP Program of TRCA in 2004. The program compared the most common types
of Oil/Grit Separator products and found a typical range of 57% to 60% of TSS removal (TRCA

— SWAMP Program, 2004).
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This research has demonstrated that the experimental vortex device has an overall TSS removal
efficiency of 40% to 50% and 50% to 55% under 5 L/s and 10 L/s of flows respectively, which
are within the typical treatment range of HDVS and OGS. However, higher requirements toward
TSS removal efficiency are found in many environmental-related regulatory acts. For instance,
according to “Wet Weather Flow Management Guidelines” prepared by city of Toronto, although
OGS devices are acceptable for achieving a TSS removal efficiency of 50%, “the wet weather
flow (WWF) water quality target is the long-term average removal of 80 % of total suspended
solids (TSS) based on an annual loading basis from all runoff leaving the proposed development
site based on the post-development level of imperviousness.” (City of Toronto, 2006). As a result,
enhanced treatment methods such as filtration technology - “Jellyfish® Filter” (Imbrium Systems
Inc.), or multiple LID practices in-series shall be implemented together with OGS/HDVS to

achieve a better stormwater quality.

6.3 Summary

Although this research has tested only two flow rates, the results indicate that the overall TSS
treatment efficiency of EVD is about 50% and decreases as the flow rate increases. As a result,
technologies like EVD in this research is recommended to be implemented along with other LID
practices or methods in order to fulfill the normal required TSS treatment level (e.g., 80%) in

many jurisdictions.
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7.0 CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

Based on the findings of this research project, the following conclusions are drawn:

1. Vortex separation has been successfully employed to remove suspended solids from
stormwater. The combined centrifugal and gravity forces induced by spherical circulation
of water increase solids and oil separation, resulting in a small surface area of separation.
Technologies which employ this vortex separation are particularly suitable for treatment of
stormwater in highly urbanized areas where the lack of space restricts the employment of
other stormwater management measures such as stormwater ponds.

2. The experimental vortex device (EVD) was designed as an off-line treatment unit using a
flow diversion baffle wall at the upstream manhole. In addition, the central outflow pipe
coupled with an arch baffle wall was sized to allow the sedimentation of suspended solids
and floatation of oil inside the EVD, and the bypass of flows larger than the design treatment
rate. Based on the target catchment area in Tianjin, the full depth of 1.8 m of the 1.2 m
device can provide sufficient capacity for sedimentation, floatation, and sediment storage.

3. The Procedure for Laboratory Testing of Oil/ Grit Separators (TRCA 2014) specifies a
comprehensive laboratory procedure to determine the solids and oil removal performance
of oil/grit separators. This research has found several challenges and potential solutions: (a)
In order to consistently discharge the set amount sediments over the test duration of 25
minutes, the mechanical input mechanism must be calibrated; (b) a representative sampling
of influent TSS concentration downstream of the sediment input location (e.g. 5 times the
diameter of the influent pipe) may be difficult while the sampling at the influent pipe outlet

may offer an alternative location; (c) collection of the trapped sediments at the bottom of
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EVD (by installing a sloping base with the sludge outlet pipe located at the middle) is more
practical than that at the EVD’s outlet; (d) a flow-recirculation system is preferable to a
‘continuous feeding-and-wasting’ system without recirculation for the physical model
because wastage of water can be significant (flow rate grows exponentially); (e) if a flow-
recirculation system is employed, the effluent from the outlet of the EVD should be
discharged to a turbid pond where a separating wall with a weir and filter screen (mesh size
corresponds to the finest sediments used in experiments) can be used to trap the background
effluent sediment before entering a clean pond for the influent intake; (f) transparent
materials (e.g. plexiglass), which allow visualization of flow patterns, sedimentation, and
floatation, should be used to construct the physical model; and (g) a rigorous daily
laboratory working schedule as shown in Appendix A can ensure the best use of time for
the experiments.

4. The average TSS removal efficiency of the EVD at 5 and 10 L/s is about 50% which is
comparable to other similar OGS devices. It decreased from 52% to 44% as the flow rate

was doubled from 5 L/s to 10 L/s.

7.2 Recommendations

After completing this research, recommendations of future works are:
1. Since this project only tested 5 L/s and 10 L/s, higher flow rates up to and exceeding the
maximum treatment rate should be applied to the device to determine the TSS removal

efficiency and its trend.
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2. Minor alternations of the EVD configuration (e.g. the horizontal angle between the influent
and effluent, the slope of the influent pipe, the height of the central outflow pipe) can be
used to optimize the TSS removal efficiency.

3. The velocities and water depths measured during experiments should be used to calibrate a
CFD model for the simulation of optimized configurations of the EVD.

4. Oil and water separation at the EVD should be investigated using plastic beads (with

relative density similar to the target oil interception).
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Appendix A

08:30 — Start with preparation works such as model clean-up and filling;

09:30 — Adjust all the equipment and instruments;

10:00 — Initiate the pump, wait for the water level to be stabilized;

10:10 — Start the first physical testing and let the system running for 25mins;

10:35 — Stop the pump and all instruments, let the system rest for 15mins, and meanwhile
organize all the collected data;

10:50 — Drain out the water in the device, retrieve the first batch of trapped residual;
11:30 — Drying the residual;

Lunch Break;

14:00 — Collect the dried residual and send to the analyzing lab;

14:30 — Filling up the model;

14:50 — Adjust some equipment and instruments;

15:05 — Initiate the pump, wait for the water level to be stabilized;

15:15 — Start the second physical testing and let the system running for 25mins;

15:40 — Stop the pump and all instruments, let the system rest for 15mins, and meanwhile
organize all the collected data;

15:55 — Drain out the water in the device, retrieve the second batch of trapped residual;
16:35 — Drying the second batch of residual;

17:00 — Get off work.

(Repeating the schedule)
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Appendix C

Solid Removal Efficiency Comparison
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Appendix D

Removal Efficiency of 710 pm Particles under
Diffrent Scenarios with a 5 L/s Flow
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Appendix D. 1 Removal Efficiency of 710-Micron Particles (5 L/s)
Removal Efficiency of 710 pm Particles
under Diffrent Scenarios with a 10 L/s Flow
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Appendix D. 2 Removal Efficiency of 710-Micron Particles (10 L/s)
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Appendix D - Cont’d

Removal Efficiency of 500 ym Particles under

Diffrent Scenarios with a 5 L/s Flow
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Appendix D. 3 Removal Efficiency of 500-Micron Particles (5 L/s)
Removal Efficiency of 500 uym Particles
under Diffrent Scenarios with a 10 L/s Flow
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Appendix D. 4 Removal Efficiency of 500-Micron Particles (10 L/s)
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Appendix D - Cont’d

Removal Efficiency of 250 ym Particles under
Diffrent Scenarios with a 5 L/s Flow
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Appendix D. 5 Removal Efficiency of 250-Micron Particles (5 L/s)
Removal Efficiency of 250 um Particles
under Diffrent Scenarios with a 10 L/s Flow
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Appendix D. 6 Removal Efficiency of 250-Micron Particles (10 L/s)
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Appendix D - Cont’d

Removal Efficiency of 150 ym Particles under
Diffrent Scenarios with a 5 L/s Flow
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Appendix D. 7 Removal Efficiency of 150-Micron Particles (5 L/s)
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Appendix D. 8 Removal Efficiency of 150-Micron Particles (10 L/s)
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Appendix D - Cont’d

Removal Efficiency of 100 um Particles
under Diffrent Scenarios with a 5 L/s Flow
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Appendix D. 9 Removal Efficiency of 100-Micron Particles (5 L/s)
Removal Efficiency of 100 um Particles
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Appendix D. 10 Removal Efficiency of 100-Micron Particles (10 L/s)
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Appendix D. 11 Removal Efficiency of 75-Micron Particles (5 L/s)
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Appendix D. 12 Removal Efficiency of 75-Micron Particles (10 L/s)
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Appendix D - Cont’d

Overall Removal Efficiency under
Diffrent Scenarios with a 5 L/s Flow
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Appendix D. 13 Removal Efficiency of Overall Performance (5 L/s)
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Appendix D. 14 Removal Efficiency of Overall Performance (10 L/s)
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Removal Efficiency of Scenario 5-2
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Average Removal Efficiency under 5 L/s
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Appendix E. 7 Average Removal Efficiency of Scenarios with 5 L/s Flows
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