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Abstract

Improving the design and operations of
rainwater harvesting systems in preparation

of a pulse contaminant input

Dissanayake Mudiyanselage Janith Madubasha Dissanayake
Dept. of Civil and Environmental Engineering
College of Engineering

Seoul National University

Rainwater harvesting (RWH) has attracted global attention as a solution for

the urban water crisis; however, the water quality can be impacted by
particulate matter and soluble contaminants. Therefore, the inlet and outlet
configurations of the storage tank should be designed to minimize bottom
sediment resuspension and prevent the transport of soluble contaminants. To
overcome these issues pertaining to single tank systems, multiple tank systems
with similar volumes have been implemented globally. However, limited
research has been conducted to assess the effect of the number of tanks on
harvested water quality under a sudden pollutant input. In addition, many
researchers have investigated design and operational aspects of RWHs with
respect to particulate matter removal, but not much research is available on how

operations of RWHs affect the removal of soluble pollutants.



Thus, this study investigated the effects of the inlet and outlet configurations of
a rainwater storage tank on particle resuspension and residence time
distribution for an instantaneous input of a conservative tracer. It was observed
that J type inlets can reduce sediment resuspension by more than 50% while
detaining and mixing a conservative pollutant, thus preventing the
concentration from reaching the outlet as a plug flow. Although inlet height did
not have a significant influence on the quality of water at the outlet, parameters
such as inflow velocity and outlet height exerted a considerable influence on
sludge resuspension and residence time distribution. The experiments also
highlighted the importance of regulating the initial water level of the storage
tank and regular flushing of bottom sediment to maintain the stored water
quality.

Next, the authors have investigated the effect of the number of tanks on
particulate matter distribution in multi-tank systems and observed that more
than 60% of the particle mass input was retained in the first tank. By increasing
the number of tanks, the particle mass reaching the final tank becomes constant
despite changes in the flowrate and influx particle mass. Furthermore, a soluble
contaminant entering a multi-tank system was observed to reside within the
system for a prolonged time by approximately a factor of two, which is
favorable for developing a response strategy. It is recommended by the authors
that at least three tanks should be used to gain the benefits of a multiple-tank

RWH system.



Finally, this research tried to quantify the amount of soluble contaminant influx
(salt) that can be removed when the drain is operated, and the water overflowed.
More than 20% of the pollutant influx was removed when the drain was
operated at half capacity level in a single tank system. In a multi-tank RWH
system, operation of the drain in the second tank was more effective than using
the drain of the first tank. A significant amount of soluble pollutants can be
removed with overflow, specially, in a single tank system. The results of this

study can be used to suggest operational and automation recommendations.

Keyword: rainwater harvesting; water quality; particle resuspension; residence
time; inlet/outlet configurations; multiple tank system; low impact development;

drain; particle separation

Student number: 2019-24401
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Chapter 1. Introduction

1.1. Background

1.1.1. Rainwater Harvesting and inlet/outlet configurations
Potable water is an essential human requirement. However, due to the
spatial and temporal variation of water resources, at least 10% of the global
population has no access to potable water (WHO/UNICEF, 2014). As a
result, approximately 500,000 children die every year worldwide (UNICEF,
2014). This crisis is exacerbated by climate change, environmental
pollution, and rapid urbanization, which cause existing water bodies to
become depleted or unusable. Rainwater has been identified as an excellent
alternative water source due to its short pollutant inflow route (Won et al.,
2019). Rainwater can be collected from impervious surfaces, such as the
roof of a house, as shown in Figure 1a, then stored and treated to meet the
water quality standards for its intended use. This practice of rainwater
harvesting (RWH) in urban centers has the potential to avert urban crises
not only by providing an alternative source of water, but also by reducing
urban runoff and the demand imposed on central drinking water supply
systems (Coombes at al., 2002; Coombes at al., 2000; Campisano et al.,

2017).
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Figure 1 (a) Typical rainwater harvesting system (RWH), (b) typical

inlet/outlet configurations in a storage tank, and (c) RWH system with a

calmed inlet proposed by Won et al., 2019.
Although the benefits of RWH are significant, several have reported poor
harvested rainwater quality due to high concentrations of particulate matter
and chemicals such as herbicides and pesticides (Simmons et al., 2001;
Sanchez et al., 2015). The majority of these pollutants enter the RWH
system through wet and dry deposition on the roof surface, a lack of
maintenance, and leaching from built materials, among which dry and wet
deposition on the catchment surface represents the main pollutant source
(Han et al., 2004; Lee et al., 2012). After a long dry period, the initial part
of a storm event will transport very high concentrations of accumulated
pollutants from the roof top to the RWH system (Spinks et al., 2003, Van
Metre & Mahler, 2003). As particulate matter in the initial water inflow can
affect the disinfection process and clog the piping system, the concentration

of suspended solids in the water should be reduced by sedimentation during

2 s - w k)



storage. Additionally, the soluble contaminants entering the system should
be mixed, diluted, and retained to prevent the contaminants from rapidly
reaching the end-use point in high concentrations. Therefore, the individual
elements comprising RWH systems should be designed with these
objectives in mind.

A common RWH system (Figure 1a) may contain a first-flush device, a
storage tank, and a point-of-use disinfection unit. Of these units, the first-
flush device and storage tank primarily contribute to removing particulate
matter and diluting the instantaneous input of soluble contaminants. A first-
flush unit can remove a significant amount of particulate matter and soluble
contaminants from the initial part of rainfall; however, RWH systems in
most developing countries are still primitive in design and do not contain a
first-flush device (Thomas, 2014). Moreover, low rainfall intensity and
prolonged dry periods may result in pulse contaminant inputs partially
bypassing the first-flush device (Egodawatta et al., 2009). Therefore, the
design of the storage tank in an RWH system is vital because any pollutants
bypassing the first-flush device will enter the RWH tank. The most
important process in a storage tank is the sedimentation of suspended solids,
hydrocarbons, and heavy metals associated with particles. Sediment in an
RWH tank can hold a significant amount of lead compared to the overlying
water column (Spinks et al., 2005); therefore, resuspension of this bottom
sediment could degrade the stored water quality, which can occur due to

low cistern levels or the turbulent influx of rainwater during a rainfall event



(Scot & Waller, 1987). Therefore, there is a need of investigating how the

design of inlet/outlet configurations affect these phenomena.

1.1.2. Evolution from single storage tank systems to multiple tank systems
Most modern RWH systems in the developed countries comprise energy
intensive membrane filtration units to upgrade harvested rainwater quality
to drinking water quality standard. However, as Campisano et al., 2017 has
highlighted in their review, there is a need to develop low-cost treatment
methods to overcome financial constraints in developing countries to
encourage RWH. The review further illustrates the need to assess the
benefits of RWH system designs beyond conservation of water. Alimetal.,
2020a in their review discuss the suitability of harvested rainwater for
drinking water purposes. While the study illustrates the economic
feasibility of small scale RWH systems and importance of robust treatment
of harvested rainwater prior to consumption, their review does not
investigate the impact of design of elements of a RWH system on water
quality. Therefore, design of elements of RWH systems in developing
countries should be studied in detail to improve the harvested water quality.
As climate change threaten the water security in low income regions, RWH
systems was observed to have the potential to improve water security even
in arid regions 80% of the time (Musayev et al., 2018). Frequent extreme
precipitation events are to be expected in the future, which stress on the
importance of ensuring the reliability of the performance of RWH systems.
While many researches (Zhang et al, 2019, Alim et al., 2020a) emphasize
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on having larger tank sizes to ensure the reliability of RWH system in terms
of water supply, they have overlooked how the design of the storage tank
system can affect the water quality. To overcome challenges imposed by
climate change and financial constraints in upgrading harvested rainwater
quality to potable water quality, modern community-based RWH systems

have adopted multiple storage tank systems.

1.1.3. Operations of RWH systems

Drain and Overflow are the two main operations of a RWH tank. By controlling
these, we can remove pollutants such as particulate matter and soluble
contaminants from the RWH system. With new building certifications such as
LEED and BREEAM certifications recommending the harvesting of rainwater,
the possibility of using the operations and automation of RWH systems should
be investigated to upgrade the quality of harvested rainwater. However, the

studies on this regard are very limited.

1.2. Objectives
The primary objective of this research is to find cost-effective solutions to
improve the harvested rainwater quality in developing countries where
treatment options are limited due to financial constraints. We have tried to attain
that broader objective by breaking it down to three specific objectives as
follows:

1. Determine the influence of different types of inlet/outlet configurations

and operational parameters (initial water level and mass of bottom



sediment) on minimizing bottom sediment resuspension and
maximizing residence time of a conservative pollutant (tracer).

2. Investigate the particulate matter distribution in single, two-tank, and
three-tank RWH systems, under a pulse particle (kaolin clay) input, to
assess which tank retains the highest percentage of particles, and to
devise recommended operation guidelines. Besides, tracer tests using a
conservative pollutant (salt) have been conducted to identify the
influence of the number of tanks in an RWH system in maximizing the
residence time of the conservative pollutant.

3. Quantify contaminant (salt) mass that can be removed using the drain
and overflow operations of one, two and three tank RWH systems

4. The results of this study are used to propose recommendations for a

new RWH tank design as well as modifications to existing tanks.

1.3. Research Scheme

This research thesis consists of 6 chapters. Chapter 1 contains the research
background, objectives, and research scheme. A thorough literature review on
research objectives is presented in chapter 2. Chapter 3 presents a discussion
on the investigation carried out to assess the effect of inlet/outlet configurations
on harvested in water quality. Chapter 4 describes the experiments carried out
investigating the effect of number of tanks on harvested rainwater quality for

multiple tank system under a sudden pollutant input. The operational



parameters of RWH systems were investigated in Chapter 5, and the

conclusions of the study are presented in Chapter 6.



Chapter 2. Literature review

2.1. Inlet/outlet configurations of RWH systems

Won et al., 2019; Master Plumbers and Mechanical Services Association of
Australia, 2008; Novak, 2014; Haq, 2018 observe that, instead of a typical inlet
arrangement (Figure 1b), a calmed inlet reduces the resuspension of sludge
(Figure 1c). Further, Master Plumbers and Mechanical Services Association of
Australia, 2008; Younos & Parece, 2016 suggest the use of floating outlets that
allows the water near surface where suspended particles are at the lowest
concentration to be taken up by pumps. However, the authors did not
investigate the effect of inlet height/outlet height configurations on sediment
resuspension. Magyar et al., 2011 extensively experimented with the effects of
inlet position, outlet height, and inlet height with a normal | type inlet. The
authors conclude that inlet height has no significant influence, and that high
inflow rates, higher bottom sediment thickness, and centrally located inlets
could increase the bottom sediment resuspension. However, their work did not
investigate how the calm inlet could influence bottom sediment resuspension
with varying inlet/outlet configurations. Similarly, no previous research
discusses the effect of the inlet and outlet configurations of the storage tank of
an RWH system on the dilution and residence time of a soluble pollutant input.
RWH systems in developing countries consist of only an RWH tank due to
financial constraints of people and the government (Amos et al., 2016; Kahinda
& Taigbenu, 2011). If a change of inlet/outlet configurations could have a
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positive impact on water quality, it would be economically feasible to adopt
them in developing countries. Moreover, organizations promoting rainwater,
such as governments of developing countries and NGOs, will be able to assist

communities financially in such an endeavor.

2.2. Multi-tank RWH systems

A multiple tank rainwater storage system is a system in which, instead of having
one large storage tank for the designed volume, the volume is divided among
several (two or more) small-sized storage tanks that are connected serially.
When the volume is divided among small multiple tanks, the retention time in
one tank becomes less. Further, the first tanks are expected to act as a retaining
reservoir for pollutants entering the system, thus preventing the contaminants
from reaching the other tanks. Many such systems have been deployed
successfully around the world (Kim et al., 2016), especially in Vietnam (Dao
et al.,, 2017; Thuy et al., 2019, Bak et al.,2020, Thuy et al., 2020). At Cukhe
Elementary School in Vietnam, a two-tank RWH system has been implemented
(Dao et al., 2017), and a three-tank RWH system has been implemented at Ly
Nhan District Hospital in Vietnam (WHO, 2019) to provide drinking water
from harvested rainwater. The published material on these projects
demonstrates that the monitored water quality parameters are within the
drinking water quality standards of Vietham and the WHO. The number of
tanks for these systems have been selected on an ad hoc basis; depending on
the availability local resources. The monthly water quality parameters
measured at the outlets of these systems do not reflect the improvement in
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particle separation efficiency over a single tank system. As pollutants enter in
to RWH system as a pulse input, these multiple tank systems should be assessed

for their particle separation efficiency.

2.3. Studies on Operations of RWH systems

(Commonwealth of Australia, 2010) recommended not to drain the tank
frequently to utilize the biofilm to upgrade the harvested water quality. Similar
recommendations were given by Kim and Han, 2016. However, these studies
only focused on microbial water quality, therefore, a research gap exists on how
we can utilize the drain and overflow operations of RWH tanks to improve the

water quality.
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Chapter 3. Effect of inlet/outlet configuration on water quality in a

rainwater harvesting tank
3.1. Material and methods
3.1.1. Experimental Method

3.1.1.1. Sediment Resuspension Experiment

The shape, capacity, and dimensions of RWH tanks vary according to the
manufacturer in each country. Therefore, a cylindrical acrylic laboratory scale
RWH tank was fabricated with a diameter of 15 ¢cm and a height of 20 cm for
the purpose of the study. The tank was fabricated by downscaling by a factor
of 10 from domestic scale cylindrical RWH tanks widely used in developing
countries such as India and Sri Lanka, while keeping geometric similarity (Hag,
2018; Pe Plus, 2020). The height of the tank at a volume of 3 L (H) was
calculated and outlets were made at 0.33 H and 0.6 H. Three types of inlets
were fabricated, as shown in Figure 2, each with an internal diameter of 5 mm
and a height of 25 cm. The inlet diameter was selected considering the pipe
velocity range stipulated in (Housing and Building Research Institute, 2011).
Then, 2 g of reagent-grade kaolin clay (Al:H4O¢Siz, molecular weight: 258.156
g/mol) purchased from Deajung chemicals & Metals, South Korea, was mixed
with 500 mL of double-distilled water. The solution was then introduced to the
tank and another 500 mL of double-distilled water was added so that the kaolin
concentration in the tank was 2 g/L. Then, the clay solution was left for 24 h to

facilitate clay particle sedimentation. After 24 h, double-distilled water was
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introduced by a pump (FH100, Thermo scientific) until the tank reached its full
capacity of 3 L. The inlet/outlet configurations were varied, but the other
parameters were kept constant, as described in Table 1. Turbidity (Hach 2100Q,
Loveland, CO, USA, standard error (+2%) was measured at 30 s intervals after
the water was introduced to the system by collecting 25 mL water samples from
the outlet at 0.33 H for 2 min. As this study investigates the influence of
inlet/outlet configurations on bottom sediment resuspension while there is an
inflow, turbidity was measured until the tank reached full capacity. Further, to
verify the resuspension of sediments, water was drained from a drain valve at a
height of 1 cm from the bottom and then analyzed for suspended solids
concentration. The 25 mL samples collected for turbidity measurement were
also added to the drained water prior to the suspended solids analysis. The 25
mL samples collected for turbidity measurement were also added to the drained

water prior to the suspended solids analysis.
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Table 1 Specifications of the sediment resuspension experiments and tracer

study experiments.

Amount of
Flow Initial
Parameter Inlet Inlet Kaolin Outlet
Experiment _ _ Rate  Water _
Investigated Type Height/H Settled after Height/H
(L/min) Level/H
24 h (9)
Effect of inlet
ILL,J 025 15 0.33 2 0.33
type
Effect of inlet 0.1, 0.25,
J 15 0.33 2 0.33
height 0.5
Effect of flow 15,2,25
J 0.25 0.33 2 0.33
Sediment rate
resuspension Effect of initial 0.33,0.5,
J 0.25 15 2 0.33
water height 0.75
Effect of
amount of
J 0.25 15 0.33 05,1,2 0.33
bottom
sediment

Effect of inlet

ILL,J 0.25 15 0.33 - 0.33
type
Effect of inlet 0.1, 0.25,
J 15 0.33 - 0.33
height 0.5
Tracer test
Effect of flow
J 0.25 15,22 0.33 - 0.33
rate
Effect of outlet
J 0.25 15 0.33 - 0.33,0.6
height
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Figure 2 Inlet types considered (a, | type; b, L type; ¢, J type) in the particle
and tracer experiments (left) and experimental set up (right). NaCl was added
for the tracer test and kaolin clay bottom sediment was present only for the

particle resuspension experiment

3.1.1.2. Pulse Conservative Tracer Experiment

The tank and the experimental set up (Figure 2) were similar to those of the
sediment resuspension experiment. Double-distilled water was introduced at
1.5 L/min and 2.2 L/min using a metering pump (FH100, Thermo scientific).
Flow rates were determined to capture the most frequent rainfall intensity of 70
mm/h (for a 100 m? surface) during summer in South Korea (Ministry of land,
infrastructure and transport, 2016). Reagent-grade sodium chloride (salt),
purchased from Daejung chemicals & metals, South Korea, was used as the

conservative tracer. Sodium chloride was selected because it is found as a
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common pollutant in RWH systems near coastal areas and it is a conservative
material that is widely used in tracer studies. The tracer was introduced to the
system instantaneously after the system reached a steady state. Inflow was
continued at a steady state, the inlet (I, L, J type inlets) was placed at 0.25 H,
and the water level in the tank was maintained at 3 L. The outflow valve at 0.33
H was kept open and, after introduction of the tracer, a water sample was
collected from the outlet every 30 s for 15 min. The samples collected were
then analyzed for conductivity using a portable conductivity meter (Orion star
A329, Beverly, MA, USA). The conductivity meter was calibrated using 1413
mg/L and 12.9 mg/L standard solutions. Conductivity was converted to
concentrations using the inbuilt conversion function of the conductivity meter
(with 0.5% of reading +1-digit accuracy), which was validated by manual
calculations.

To investigate the effect of inlet height, the J type inlet was placed at 0.25 H,
0.5 H, and 0.75 H and the tracer test was conducted using the method described
above with the outlet fixed at 0.33 H. Similarly, the effect of outlet height was
investigated by operating the outlets at 0.33 H and 0.6 H with the inlet fixed at

0.25 H. All experimental details are provided in Table 1.

3.1.2. Analysis Method: Residence Time Distribution (RTD)

The RTD represents the time a tracer spends in the reactor and can be used to
analyze steady-flow systems with dimensionless parameters to describe
concentration and time (Benjamin & Lawler, 2013). In the context of rainwater
harvesting systems, a nonplug flow RTD with a higher residence time is
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preferable because it provides time for suspended particles to settle and
prevents contaminants from reaching the outlet in high concentrations.
Therefore, understanding the RTD of an RWH tank is beneficial and the RTD
can be obtained by plotting the dimensionless tracer mass exiting the outlet with
dimensionless time. The dimensionless mass (concentration) exiting the outlet
(RTD function), E(t), can be defined as:

Gt
Et) =a———
2i Gy At
where C; is the measured tracer concentration at the outlet, Cy is 0.5 x (C; +
Ci1), and t is the mean measured residence time, which is the average time

tracer materials stay within the tank and can be calculated as:

it G At
2 Ci At

f=
Mean residence time of a tank or a reactor depends on the geometry, flow, and
flow velocities. To make the RTD applicable for larger tanks with similar
geometrical and flow conditions, a dimensionless parameter for time could be
introduced where time is given as a fraction of mean residence time or hydraulic

retention time of the tank. The dimensionless time parameter, 6, can be

expressed as:

t;

91':?

A cumulative RTD (F), the cumulative fraction of tracer mass that has exited

the tank, can be defined as:
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F(t) =
and the variance of the RTD curve o2 can be derived from the tracer data as

follows:

2
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3.2. Results & Discussion

2.2.1. Effect of Inlet type

When water was introduced to the system, turbidity first increased due to
resuspension then decreased because of dilution (Figure 3). Further, with time,
the rising water levels provide cushioning to the incoming water, preventing
further resuspension. Thus, the initially resuspended particles get dispersed in
a larger volume, resulting in a lower turbidity. However, the final turbidity level
and the initial rise in turbidity in the tank with the J type inlet was approximately
two times lower than that with an | type inlet (Figure 3). Designs in references
Won et al, 2019; Master plumbers and mechanical services association of
Australia, 2008; Novak et al., 2014; Haq et al., 2018 incorporated J type inlets,
considering the benefit of reduced particle resuspension. Water flow from the
inlet stirred the bottom sediments, forcing the settled particles to become
resuspended in the water column. This phenomenon was further illustrated by
the mass distribution of kaolin clay between the water column and the bottom
sediment (Figure 3), i.e., the J type inlet exhibited the smallest amount of

suspended particulate matter of all inlet types.
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Figure 3 Turbidity variations and the distribution of kaolin mass according to

inlet type

The forces acting on a settled particle is as follows:

Buoyancy (upthrust) + Drag Forces (due to viscosity of
T moving water) + momentum received by collision with
‘ water influx (turbulence)
l Gravity

In the lab scale tank velocity at the inlet ranged from 1.27-2.12 m/s; rising
velocity in the tank ranged from 1.4-2.35 mm/s while in a real scale RWH tank
it would range from 0.6-2.5 m/s and 0.8-3.2 mm/s respectively. Therefore, the
velocities present in the lab scale tank is within the velocity ranges observed
for RWH tanks under a 50-200 mm/hr rainfall event. Although, the rainfall
events considered in the study represents the rainfall patterns in Korea, this may
not represent the rainfall events in other regions. In tropical countries, more

extreme precipitation event could occur, which may develop higher inlet and
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rising velocities. In such cases, a higher bottom sediment resuspension can be
expected.

The normalized residence time calculated (Table 2) for the pulse salt tracer
input for all inlet types was plotted for a flow rate of 2.2 L/min (Figure 4). The
J type inlet exhibited almost identical performance to a continuous flow stirred-
tank reactor (CSTR). This is probably due to the turbulence created at the J
shaped bend in the inlet, which enabled uniform mixing of the fluids prior to
entering the tank. The upward flow induced by the J shaped inlet allowed
further mixing of the fluids, resulting in very similar behavior to the CSTR.
With I and L type inlets, the RWH tank exhibited performance between that of
a CSTR and a plug flow reactor (PFR) (Figure 4). Maus & Uhl, 2010 and
Werner & Kadlec, 1996 reported similar results for sedimentation tanks and

ponds with the typical inlet conditions used for storm water management.

—

t
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O = b Lo
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I type inlet ——L type inlet I type inlet ——L type inlet

I type inlet J type inlet

Figure 4 Residence time distribution (RTD) and cumulative RTD for three

inlet types (inflow rate 1.5 L/min, inlet at 0.25 H, outlet at 0.33 H).
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In addition, we conducted experiments to assess the effect of the curvature on

reactor behavior. We modified the J type inlet with an expander and increased

the curvature (Figure 5) to observe their effect.

20mm 20mm

| \\\ |

v ! g 15mm

™

I
g:ISmm

20mm

Q

@ 25mm

20mm

Figure 5 The schematics of the inlets considered in the study to assess

their effect on reactor behavior

We used the tank in series model (TIS) and plug-flow with dispersion model

(PFR) to model the behavior of the tracer when the tank was retrofitted with

each inlet. The results demonstrated that the inlet type can affect the reactor

behavior (Figure 6). When the curvature of the J type inlet increased, the

reactor behavior approached a CSTR with long tails. Mass recovery also

reduced when the curvature increased. However, when the J-inlet was

retrofitted with a diffuser, the tracer behavior deviated a little from a CSTR

(Figure 6).
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Figure 6 RTD for varying inlet conditions under a flow rate of 1 L/min.
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TIS and PFR with dispersion model were plotted along with the tracer

test data for comparison

As illustrated in Figure 6, a pollutant (tracer) entering a RWH tank with a J-
type inlet remains within the tank for a longer time. This is beneficial because
a pollutant entering the tank may not reach the outlet in high concentrations.
However, in the context of RWH systems, studying the residence time of a
tracer does not give much valuable information. Having said that, these findings
can be extended to chemical reactors. The results presented in the study
demonstrated that inlet conditions can be manipulated to alter the behavior of

the reactor to attain the performance of that of a CSTR.
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Table 2 Example residence time distribution (RTD) calculations using the
method described in Section 2.2 (inlet at 0.25 H, outlet at 0.33 H, flow rate of

2.2 L/min, | type inlet).

e i w6 o &
0.25 1146.0 453.45 052 4;3;. 051 0%6 061
0.50 1149.0 454.95 052 4o 03 06 02
0.75 1129.0 444.95 052 4;159. 0%4 066 023
100 1090 ares PR Y
1.25 988.4 374,65 052 4;)3. oé7 055 015
1.50 908.0 33445 052 32;1. 049 09.)4 o(.)e
1.75 804.3 282.60 052 3g§- 1(.)1 Oé4 0%6
2.0 702.0 231.45 052 2(&)327 162 04.{3 0é7
2.25 624.9 192.90 052 21172 1é4 oéz oé7
250 5568 15885y gy 5 4
275 4989 o0 g Y
3.00 446.3 103.60 052 1;5;; 198 051 098
3.25 408.0 84.45 052 943.0 250 Oél oig
3.50 3731 67,00 052 75;.7 212 061 oég
3.75 348.4 5465 052 603.8 2%3 oéo 049
4.00 3273 4410 052 498.3 255 o%o 059
4.25 3095 35.20 052 395.6 2é6 050 oég
450 295.6 28.25 052 312.7 24.{8 040 0%9
4.75 284.5 22.70 052 2%-4 3(.)0 oéo 0{;9
5.00 2746 17.75 02 202 31 00 09
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The mean residence time (%) increased from the | type inlet to the J type inlet
by almost 18% (Table 3). Further, in Table 3, it can be observed that 8 at 95%
mass recovery has also increased. Therefore, a conservative pollutant
concentration entering the RWH system with a J type inlet is likely to remain
in the tank for a longer time. This is beneficial for preventing pollutants from
entering another tank or other components of the RWH system by allowing the
user more time to devise a response, for example, isolation of the contaminated
unit or flushing of the tank. Further, higher residence time gives suspended
solids in the incoming water more time to settle before reaching the outlet. RTD
graphs for J type inlet revealed very long tails that were likely due to the dead
space created. Fluids beneath the inlet would have been lightly disturbed,
allowing the fluid below the inlet to become trapped within the RWH tank. This
was further highlighted by the decreasing mean mass recovery rates (Table 3).

Table 3 Mean residence time, variance of RTD, and mass recovery for all types

of inlet.
Inlet t a? Mass Recovery 0 at 95% Mass
Type (min) (min?) % Recovery
| 2.45 249 99.13 2.52
L 2.53 2.92 97.85 2.59
J 2.89 351 93.09 2.64
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3.2.2. Effect of inlet height

Similar to observations by Magyar etal., 2011 with | type inlets, the inlet height
had a minimal impact on sediment resuspension, which was also noted with a J
type inlet. This was possibly due to the upward flow conditions created by the
inlet, regardless of the height that the inlet was placed. However, there was a
slight increase in both turbidity and suspended solids when the inlet height was
increased from 0.1 to 0.5 H (Figure 7). The initial water height for this
experiment was set at 0.33 H, which may be the reason for this observation.
Water exiting the inlet enters the air; thus, impact with the air—water surface

may create turbulence that disturbs the bottom sediment layer.

1000 1 100%
5 =
L 4
Z, 500 05 3 | 80%
= 0™ 0 =
= 0 0.3 1 1.5 2 = 40%
= Time (min)
20%
—e—0.1H 0%
—a—025H 01H 025H 05H
05H Particles suspended in top water column
——Water level in tank mBottom sediments

Figure 7 Turbidity variation and distribution of kaolin mass with inlet height (J
type inlet).

For the tracer study, the inlet height had no significant influence on the
residence time of the conservative tracer; the mean residence time was 2.84,
2.89, and 2.86 min at 0.1, 0.25, and 0.5 H, respectively. Therefore, RWH
systems with J type inlets cannot be modified to increase the residence time by

changing the inlet height. Furthermore, RWH system design should consider
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factors such as the structural stability of J type inlets, where vibrations occur
due to local energy loss at the J bend. Therefore, placing the inlet at a lower
height could be beneficial in terms of structural stability and less sediment

resuspension.

3.2.3. Effect of flow rate

Suspended particles in the water column increased by a factor of greater than
two (from 7.41% to 18.13%) with an increase in the flow rate from 1.5 to 2.5
L/min, as shown in the kaolin mass distribution (Figure 8). Greater
resuspension of bottom sediment with increased flow rates were also observed
by Magyar et al., 2011 for | inlets. As the pipe diameter was not changed, the
inflow velocity increased from 1.27 m/s to 1.69 m/s and then 2.12 m/s to
maintain continuity. This increase in velocity created higher turbulence,
facilitating bottom sediment resuspension. Thus, when designing RWH inlets,
the pipe diameter should consider the final flow velocity at the inlet. The tracer
study showed no significant difference in RTD. Similar RTD curves were
observed at higher flow rates but with higher mean residence times, i.e., 1.58,
1.69, and 1.78 min for inlet a, b, and c, respectively.

In this study we considered only J-type inlets. If a tank is retrofitted with an I-
type inlet, we may experience a significant bottom sediment resuspension under
a high flow rate. The momentum of the water influx can create more turbulence
at the bottom, which may give particles settled enough momentum to break
gravitational forces acting on it. Therefore, it would be better to go for an inlet

with a larger diameter if manufacturers cannot switch to a J-type inlet.
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Figure 8 Turbidity variation and distribution of kaolin mass with inflow rate (J

type inlet).

3.2.4. Effect of outlet height and initial water level

RTD and cumulative RTD curves obtained for all outlet conditions were almost
identical to the graphs shown in Figure 4; thus, significant parameters derived
from the RTD are summarized and presented in Table 4. The mean residence
time t increased by more than 25% with increased outlet height. This was likely
due to the increased retention capacity of the tank and dead space with higher
outlet height. A conservative contaminant such as salt entering the RWH tank
would be retained for a longer period of time, enabling it to be diluted or flushed.
Thus, a higher outlet height might benefit a multitank system, but might not be
beneficial for a single tank RWH system because a large proportion of the
stored water in the tank would be inaccessible. The initial water level is an
operational parameter that can provide a cushioning effect on incoming water.
In this study, changing the initial water level from 0.33 H to 0.75 H led to an
almost 40% reduction in the resuspension of bottom sediments; the mass of
suspended solids in the top water column decreased from 7.41% to 4.67%.
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Table 4 Mean residence time and variance of RTD for different outlet heights

(J type inlet).

Outlet Height € (min) &? (Min?)

0.33H 1.9 2.51

0.6 H 2.4 4.92

3.2.5. Effect of bottom sediment

As expected, the initial turbidity level increased with increasing kaolin dosage.
However, after an initial rise, the turbidity returned to almost the initial level
for all kaolin doses. According to the mass distribution in Figure 9, a larger
amount of particulate matter sediment at the bottom of the tank allowed more
particulate matter to be resuspended in the water column. Therefore, it is
important to maintain the sludge level of the storage tank at a minimum; this
can be facilitated by including a drain valve in the tank design and having a

proper maintenance schedule.
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Figure 9 Turbidity variation and kaolin mass distribution for different doses of

kaolin clay (J type inlet)

As highlighted in a previous sub-chapter in chapter 2, an I-type inlet create
more turbulence at lower parts of the tank, therefore, having a thicker bottom
sediment layer inside a tank that has an I-type inlet will re-suspend more
particles into the water column. As majority of RWH systems in the world

contain | type inlets, the importance of regular cleaning of RWH tank is

recommended.
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Chapter 4. The effect of number of tanks on water quality in RWH

systems under sudden contaminant input

4.1. Material and methods

For the purpose of this study, a downscaled cylindrical, acrylic RWH tank was
fabricated, with a diameter of 15 cm and a height of 20 cm, which is similar to
the lab-scale RWH tank used in the previous chapter, as the 1- tank system. The
height of the tank at a volume of 3 Liters (H) was calculated, and outlets were
made at 0.33 Hand 0.6 H. A J-type inlet with an inner diameter of 5 mm, placed
at 0.25 H, was used to introduce water into the RWH system. The diameter was
selected considering the recommended pipe velocity range stipulated by the
Housing and Building Research Institute (2011). The flow conditions in the
pipe were designed to be turbulent (Re> 4000), similar to the conditions that
prevail in large-scale RWH systems. Next, two cylindrical acrylic tanks with
diameters of 115 mm and heights of 160 mm were fabricated to be used as the
2-tank system. The height of the tanks at a cumulative volume of 3 Liters (H)
was calculated, and outlets were made at 0.33 H and 0.6 H. Similarly, a 3-tank
system was developed with tank diameters of 105 mm and heights of 135 mm.
The outlet heights were at 0.33 H and 0.6 H, where H is the height
corresponding to the 3 Liter cumulative capacity of the 3-tank system.
Geometric similarity to the domestic-scale cylindrical tanks widely used in
developing countries (Haq, 2018; PE-Plus, 2020) was maintained in all the
tanks used in this experiment. The specifications and details of tank systems
considered (experimental setup) are presented in Figure 1. Only up to 3- tank
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systems were considered because, 2- tank and 3- tank systems are the most
implemented tank configurations in Africa and South East Asia. Double-
distilled water was introduced to the tank systems at flow rates of 1.0 L/min
and 2.0 L/min using a metering pump (FH100, Thermo scientific) to simulate
the most frequent rainfall intensity during summer in South Korea (Ministry of
Land, Infrastructure and Transport, 2016). Flow conditions within the
downscaled tanks demonstrated laminar flow conditions (Re < 2100 and Fr <1),
which resemble the flow conditions in large-scale RWH systems. When the
water level reached 0.33 H, 2 g of reagent-grade kaolin clay (Al:H4OqSiz,
molecular weight: 258.156 g/mol) purchased from Daejung Chemicals &
Metals, South Korea, was instantaneously introduced to the RWH systems. On
roof catchment, sand, clays, silts and dust can get accumulated during a
prolonged dry period. While sand can be easily settled, fine particles such clays
are hardly settled due to their shape and particle size. Thus, Kaolin clay was
selected as the representative particulate matter for this study. Double-distilled
water was added to the RWH system until the water level reached the 3 Liter
full capacity level. Then, the clay solution was left for 24 h, after which the
tanks in the multiple tank systems were isolated and analyzed for total kaolin
mass retained in each tank by filtering through a glass microfiber filter. After
keeping in the oven at 105 °C for 24 hours, mass retained on the filter was
measured. We investigated the effects of flow rate, particle mass, and the outlet
height of the first tank, on the mass distribution among the tanks in multiple

tank systems. The experimental setup for pulse conservative tracer study, the
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tank system used, and the flow rates were similar to those of the particle
experiment (Figure 10). The experiment procedure and the measuring devices
used were similar to the pulse tracer tests conducted in Chapter 3. All
experimental details related to both pulse particle and pulse tracer experiments

are provided in Table 5.
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Table 5 Specifications of pulse particle and conservative tracer experiments

Experiment Parameter Flow No.of Particle Outlet
investigated rate  tanks mass height
(kaolin
clay)
Pulse particle  Effect of no. of 1 1,2,3 29 0.33H
input tanks L/min
experiment Effect of flow 1,2 1,2,3 29 0.33H
rate L/min
Effect of 1 1,23 0.5g,1g, 0.33H
particle (kaolin  L/min 29
clay) mass
input
Effect of 1% 1 2 29 0.6,
tank outlet L/min 0.33H
height
Pulse Effect of no.of 1L/ 1,2,3 0.33H
conservative tanks min
tracer studies  Effectof flow 12L/ 1,23 0.33H
rate min
Effect of 1% 1 2 0.6,
tank outlet L/min 0.33H
height
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4.2 Results & Discussion
4.2.1. Pulse Particle Input

4.2.1.1 Effect of the number of tanks

From the results of the pulse particle input experiment, it can be observed that
tank 1 holds most (>60%) of the input particle mass as depicted in Figure 11.
This is similar to the observations made by Dao Anh Dung (2019) in 2-tank
RWH systems implemented at Cukhe Elementary School and Daicuong
Elementary and Middle School in Vietnam. The turbidity of the water entering
the first tank of these systems was reduced by a factor of 60-70%, while the
total dissolved solids remained almost constant. Thus, the reduction in turbidity
could be directly attributed to the reduction in suspended solids. When the
number of tanks increased, the kaolin mass retained in tank 1 reduced from 100%
to 68%. When the volume of tank 1 is reduced from 1- tank system to the 3-
tank system, the retention time has reduced, allowing the particles entering tank
1 to reach the outlet of tank 1 faster. This phenomenon could be attributed to
the reduction in kaolin mass retained in tank 1. Won and co-workers in 2019
investigated the effect of having an intermediate wall with varying height ratios
and length ratios within a RWH tank to improve particle separation. They
observed that when the intermediate wall was placed in the middle of the tank,
99% of the particles were retained even though the wall had a height of just 20%
of the tank height. In a multiple tank system, tank wall acts as the intermediate

wall employing the full height of the tank, and the diameter of a tank in 3- tank
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system is about 70 — 80% of 1-tank system tank diameter. The first tank of our
3- tank system managed to retain less than 70% of particle influx with outlet
placed at 0.33 H which seems less efficient compared to an intermediate wall.
Therefore, changing the geometry of the first tank of a multi-tank system to a
small thinner tank with a higher outlet may increase particle separation
efficiency. However, with a small thinner tank, retention time will be less,
which would promote fast movement of particles from the first tank to other
tanks. Therefore, the effect of geometry of the first tank on particle separation

must be studied extensively.

3 - tank system

2 - tank system

1 - tank system

0% 20% 40% 60% 80% 100%
ETank 1 mTank2 mTank3 Mass loss

Figure 11 Distribution of 2 g of kaolin mass input among tank 1, tank 2 and

tank 3 in 1-tank, 2-tank and 3-tank systems under a flow rate of 1 L/min
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With time, particles retained in each tank will settle and get accumulated in the
bottom sediment layer. As highlighted by the previous chapter and Magyar et
al., 2011, a thicker bottom sediment layer will result in higher sediment
resuspension. Therefore, systematic operation of drain valves in a multiple-tank
system is important in maintaining good particulate water quality. Operation of
the drain valve of tank 1 after a rainfall event would probably remove the
majority of particulate matter entering the RWH system. Moreover, when the
number of tanks was increased, particles carried on to the final tank of each
system were reduced. This is favorable in an RWH system because filtration
units could have a longer cycle time, and in developing countries where
sophisticated filters do not exist, output water would be of better quality in
terms of particulate matter. Furthermore, as particulate matter carried on to the
last tank of 2- tank and 3- tank system is less, frequent draining of these tanks
are not necessary. By doing so, wastage of stored rainwater can be mitigated.
The surface area to volume ratio of the RWH system has increased by a factor
of 1.8 from 1- tank system to 3- tank system, which would affect the biofilm
growth within the tank system (Kim and Han, 2016). Biofilm growth can be
attributed to the microbial water quality of harvested rainwater thus, how the
number of tanks affect the biofilm growth and microbial water quality needs to
be investigated. Regardless, a separate unit for disinfection of microbes is

needed to ensure the safety of harvested rainwater for drinking water purposes.
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4.2.1.2. Effect of flow rate

When the flow rate increased, the kaolin mass retained in the 2" tank of the 2-
tank system increased by a factor close to two (Figure 12). High flow rates
create high turbulence and high velocities, which can prevent particles from
settling and increase the re-suspension of already sedimented particles (Magyar
etal., 2011; Maruejouls et al., 2013). This may have caused the increase in mass
retained in tank 2. However, in Figure 3 it can be seen that in the 3-tank system
there was no significant difference in mass distribution. The mass retained in
tanks 2 and 3 increased only by approximately 7% and 4%, respectively. This
demonstrates that when the number of tanks increases, the RWH system is able
to perform consistently under changing flow rates. In the context of RWH, the
flow rates could vary drastically due to unpredictable rainfall intensities (Alim
et al., 2020a); an RWH system that can perform consistently is therefore
preferable.

The flowrates we have considered in this study correspond to rainfall intensities
in South Korea. Consequently, these results may vary in countries where the
rainfall intensities change. In tropical countries where the rainfall intensities are
high, we can expect a higher number of particles to reach the last tank, whereas
in countries that receive rainfall at low intensities can expect majority of
particulate matter to be retained in the first tank. At low rainfall intensities
Reynold’s number is low suggesting that the flow is less turbulent. This gives

particulate matter the opportunity to settle down while traversing across the
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width of the tank. In contrast, we can expect a higher particle mass to be

retained in the last tanks when Reynold’s number is higher.

Flow rate = 1 L/ min Flow rate = 2 L/ min
3- tank system 3- tank system
2- tank system 2- tank system
N
0% 20% 40% 60% 80% 100% 0% 20% 10% 60% 80% 100%
mTank | ®Tank2 ®Tank3 ®Mass lost mTank1l ®Tank2 mTank3 = Mass lost

Figure 12 Distribution of 2 g of pulse kaolin mass input in 1-tank, 2-tank and

3-tank systems under 1 L/min and 2 L/min flow rates

4.2.1.3. Effect of particle mass input

When the kaolin mass input increased, more mass tended to be retained in the
first tank of the 3-tank RWH systems (Figure 13). For 2- tank system, when
kaolin dose increased, the increase of kaolin mass retained in tank 1 was
insignificant. The kaolin mass retained in tank 3 of 3- tank system reduced from
12% to 9% when the kaolin dose increased. This is a desirable effect because
prolonged dry periods could bring a significant amount of particulate matter
into the RWH system, especially if the catchment area is not properly
maintained. In contrast, when the particle input is low (such as the case of 0.5
g of kaolin input), a slight increase in the particle proportion in the third tank

of a 3-tank system was observed. This is due to the lower probability of
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colliding and agglomerating with other particulate matter in previous tanks,
resulting in Brownian motion and advective forces carrying particles to the last
tank. Overall, under all kaolin mass inputs, all RWH systems seem to perform
consistently, with negligible variations.

The negligible changes in the mass distribution observed when the particle
mass influx increased, may be due to bottlenecking at connection pipes. Besides,
the transportation of the particles is governed by the movement of water.
Despite the mass increase, the Reynold’s number in the system remains
constant, thus the forces acting on particles remains the same. This may also be
a reason why the system showed an indifference towards the change of mass

influx.
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4.2.2. Pulse conservative tracer study

4.2.2.1. Effect of the number of tanks

The normalized residence time calculated (Table 6) for the pulse tracer test for
all tank arrangements considered in this study was plotted for a flow rate of 1.0
L/min (Figure 14). It can be observed that the 1-tank system exhibited almost
identical performance to a continuous flow stirred-tank reactor (CSTR) owing
to the turbulence created by the calm inlet. However, when the number of tanks
was increased, the performance of the overall system deviated from an ideal
CSTR. Similar results have been observed by many researchers for
sedimentation tanks and ponds connected in series (Maus and Uhl, 2010;
Werner and Kadlec, 1996). In Figure 14, it can be observed that the peak of the
residence time was reduced when the number of tanks increased. This is
desirable in the context of an RWH system, as it prevents a sudden pollutant
input from reaching the outlet at a high concentration. Furthermore, the mean
residence time (the average time a tracer stays within the tank) increases by a
factor of almost two from the 1-tank system to the 3- tank system (Table 7).
This is further illustrated by the increment of 6 at 50% mass recovery by a factor
greater than two. This may have been due to previous tanks retaining part of
the tracer within the volume of the tank. While the results obtained in this study
can be extended to other conservative pollutants, the findings of this study are
hardly applicable to non-conservative pollutants such as natural organic matter.
There are other processes such as biodegradation and photo degradation that
must be considered for such chemicals and investigating this is an interesting
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topic for future studies. Further, this study only investigates the behavior of a
conservative pollutant input in a multi-tank system, and it does not investigate
how soluble contaminants can be removed although, particle removal could
indirectly affect the removal of some soluble contaminants. Therefore,
community based multiple tank RWH systems can incorporate a gravity fed
activated charcoal filter such as the filter suggested by Alim et al., 2020b to

ensure the removal of chemicals present in harvested rainwater.

1.00 1.00
——1- tank system
0.90

——1 tank system

0.80 ——2- tank system 0.80 2 tank system
3- tank system 0.70 3 tank system
0.60 0.60
= \ Maximum = 0.50
S 5
0.40 \ allowable 0.40

concentration 0.30

0.20
0.10
0.00
0.00 1.00 2.00 3.00 4.00 500 6.00 7.00 0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00

Figure 14 Residence time distribution (RTD) (E(t)) and cumulative residence

0.20 (Variable)

0.00

time distribution (F) for 1, 2 and 3-tank systems for an inflow rate 1 L /min,

and outlet height at 0.33 H
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Table 6 A sample calculation of normalized residence time distribution (2-tank

system, flow rate: 1 L/min, outlet height at 0.33 H)

Time Conductivity - Concentration At CiAt tiCAt t2CAL Cc 8 CeAt E(t) F(t)
(uS/cm) (mg/L)
0.00 224.40 0.00 0.00 0.00 0.00 0.00 0.00 0.000.00 0.000.00
0.50 1240.40 558.80 0.50 279.40139.7069.85 558.800.17279.400.850.15
1.00 1100.70 481.97 0.50 240.98 240.98 240.98 520.380.33260.190.790.30
1.50 948.20 398.09 0.50 199.05298.57 447.85 440.030.50220.010.67 0.42
2.00 848.50 343.26 0.50 171.63343.26 686.51 370.67 0.67 185.34 0.56 0.52
2.50 739.60 283.36 0.50 141.68 354.20885.50 313.310.83 156.65 0.48 0.60
3.00 634.90 225.78 0.50 112.89338.66 1015.99 254.57 1.00 127.28 0.39 0.67
3.50 603.10 208.29 0.50 104.14 364.50 1275.75217.03 1.17 108.52 0.330.73
4.00 531.70 169.02 0.50 84.51 338.031352.12188.651.3394.33 0.290.78
4.50 458.50 128.76 0.50 64.38 289.701303.64 148.891.5074.44 0.230.82
5.00 430.10 113.14 0.50 56.57 282.841414.19120.951.67 60.47 0.180.86
5.50 385.50 88.61 0.50 44.30 243.661340.15100.871.8350.44 0.150.89
6.00 362.40 75.90 0.50 37.95 227.701366.2082.25 2.0041.13 0.120.91
6.50 322.60 54.01 0.50 27.01 175.531140.9664.96 2.1732.48 0.100.93
7.00 310.90 47.58 0.50 23.79 166.511165.5950.79 2.3325.40 0.080.94
7.50 298.00 40.48 0.50 20.24 151.801138.5044.03 2.5022.01 0.070.95
8.00 285.90 33.83 0.50 16.91 135.301082.4037.15 2.6718.58 0.060.96
8.50 274.40 27.50 0.50 13.75 116.88993.44 30.66 2.8315.33 0.050.97
9.00 261.60 20.46 0.50 10.23 92.07 828.63 23.98 3.0011.99 0.040.98
9.50 261.30 20.30 0.50 10.15 96.40 915.81 20.38 3.1710.19 0.030.98
10.00 253.70 16.12 0.50 8.06 80.58 805.75 18.21 3.339.10 0.030.99
45 ._:l 1 O 3



Table 7 Mean residence time, variation and 6 at 50% mass recovery for 1,2 and

3- tank systems for the flow rate 1 L/min and outlet height at 0.33 H

t o2 O at 50% mass
recovery
1-tank system 2.71 5.31 0.64
2-tank system 3.1 4.44 0.85
3-tank system 5.07 11.28 1.44

4.2.2.2 Effect of outlet height in the first tank

We observed a 25% increase in mean residence time of the salt tracer when the
outlet height was increased to 0.6 H from 0.33 H. This implies that a
conservative contaminant entering the system would require a longer time to
reach the outlet, which would be beneficial in devising a response strategy,
particularly in an automated system. In addition, we observed an 11% reduction
in kaolin mass in the second tank of the 2-tank system when the outlet height
of the first tank was increased. This may be due to the increase in retention
capacity and dead space in the first tank with increasing outlet height. This
corroborates with the findings of Magyar et al., 2011 where the water collected

from an outlet at a higher level demonstrated lesser amount of suspended solids.
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Nevertheless, the study emphasized that having a higher outlet will not be
economical for a single tank system due to water loss. However, for a multi-
tank system, having a higher outlet in the first tank could provide a multitude
of benefits which should be weighed against economic loss of water loss.
Further, the possibility of having a first tank with reduced capacity could make

the higher outlet economical, which needs to be investigated.
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Chapter 5. Behavior of a sudden inflow of soluble pollutants in multi tank

RWH systems and remedial strategy during operation

5.1 Materials and Methods

we used a downscaled cylindrical, acrylic RWH tank, with a diameter of 15 cm
and a height of 20 cm, which is similar to the lab-scale RWH tank used by us
in the previous chapters. Geometric similarity to the domestic-scale cylindrical
tanks widely used in developing countries (Hag, 2018; PE-Plus, 2020) was
maintained in all the tanks used in this experiment. The height of the tank at a
volume of 3 Liters (H) was calculated, and outlets were made at 0.33 H and H.
A J-type inlet with an inner diameter of 5 mm, placed at 0.25 H, was used to
introduce water into the RWH system. The diameter was selected considering
the recommended pipe velocity range stipulated by the Housing and Building
Research Institute (2011) for self-cleaning under the flow rates considered in
this study. The flow rates considered (1.0 L/min and 2.0 L/min) in this study
correspond to the most frequent rainfall intensity during summer in South
Korea (Ministry of Land, Infrastructure and Transport, 2016). Under those
flow rates, the flow conditions in the pipe were turbulent (Re> 4000), similar
to the conditions that prevail in large-scale RWH systems. Next, two and three
cylindrical acrylic tanks with similar diameters as previous were fabricated to
be used as the 2 and 3-tank systems. A drain valve with an inner diameter of 5
mm was placed at the bottom of each tank. The specifications and details of

tank systems considered (experimental setup) are presented in Figure 15. Only
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up to 3- tank systems were considered because, they are the most common
systems in Africa and South East Asia.

The initial water level was maintained at 0.33 H for all tank configurations.
Double-distilled water was introduced to the tank systems using a metering
pump (FH100, Thermo scientific), and the resulting flow conditions within the
downscaled tanks demonstrated laminar flow conditions (Re < 2100 and Fr <1),
which resemble the flow conditions in large-scale RWH systems. Reagent-
grade sodium chloride (salt), purchased from Daejung Chemicals & Metals,
South Korea, was used as the conservative pollutant as it is a common pollutant
in coastal regions. A dose of 1.5 g of sodium chloride was introduced
instantaneously and uniformly over a period of one minute along with the water
inflow. A conductivity sensor purchased from NeulLog, Isreal (NeuLog NUL-
215) was placed at 0.3 H height for continuous measurement of conductivity.
We verified the data collected by the sensor by repeating the test and measuring
the conductivity every 10 seconds using a portable conductivity meter (Orion
star A329, Beverly, MA, USA). Conductivity was converted to concentrations
using the meter's built-in conversion function (with 0.5% of reading +1-digit
accuracy), which was validated by manual calculations. We simulated three
scenarios for all three tank arrangements. First scenario (scenario A) simulated
how the salt concentration changed when water level rose from the initial (0.33
H) level to the maximum (H) level in the last tank of each tank arrangement.
Second scenario (scenario B) investigated, in depth, the percentage of salt mass

that could be removed using the operation of drain valves at different water
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levels. After draining, the tanks were filled to the full capacity and the salt mass
remaining in the tank system was measured. The water level at which the drain
was operated, and the drained water volume is presented in Table 8. Finally,
the third scenario (scenario B) investigated the amount of salt mass exiting the
tank with different overflow water volumes. We were conservative with the
drained water volume as we need to minimize the water loss, however, in the
overflowing scenario, we considered a higher volume because overflown water
does not affect the stored water volume. A graphical representation of the

scenarios simulated is presented in Figure 16.

Table 8 The specifications of Scenarios simulated in this study

Scenario A Scenario B Scenario C
Flow Rates 1,2L/min 1,2 L/min 1,2 L/min
Water level at which the drain 0.33H,0.5H,0.75

X X
was opened H
Drained water volume X 0.125,0.25V X
Overflow water volume X X 0.25,05V
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Scenario A Scenario B Scenario C

t=0 *® Soluble pollutant tmt
M Overflow

> [ T
system _ = .
M drain

M, M,

t=0
2-tank ® Soluble pollutant

t=t
system [:> M drain
L L H o
M, M, M M,
M drain

B a :B
* Soluble pollutant M drain :I
system = H cfF H H
M, M M M M; M M drain
Start Full

M Overflow

b

M Overflow

M drain

Figure 16 Graphical representation of the scenarios simulated; Scenario A: tank
systems were filled from the initial water level (0.33 H) to the maximum (H),
scenario B: While the tank was being filled, a specific amount of water was
drained (0.125, 0.25 V) after which the tank was filled to the maximum level,
scenario C: water was introduced until a specific volume of water was collected

as overflow.
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5.2 Results & Discussion

5.2.1 Tracer (salt) mass distribution during tank filling

The final salt concentration in the last tank (the expected salt concentration after
a long period of storage) of all tank configurations can be derived by simply
dividing the salt mass by the total volume of the tank arrangement (i.e. final salt
concentration in the two tank system is given by salt mass (M)/ 2 X volume of
a single tank (V)). However, immediately after a rainfall event, temporary
concentration differences may exist among tanks in a multi-tank system as there
is no sufficient time for diffusion to balance the concentration differences.
Besides, previous tanks can act as retaining reservoirs preventing salt from
reaching the last tank in the tank configuration. This phenomenon can be
observed in Figure 17 and Figure 18, where the salt concentration and the mass
percentage in the last tank of the 3-tank system deviates from the expected final

salt concentration (M/ 3 V).

3 - tank system |
2 - tank system |
1-tank system |

0% 50% 100%
Etank 1 ®tank?2 ®tank 3

Figure 17 Mass distribution among tanks for different tank systems under a

flow rate Q= 2 Liters/ min for scenario A
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Figure 18 Concentration in the last tank of a 1-tank, 2-tank, 3- tank RWH

system for Scenario A under a flow rate Q= 2 Liters/ min

For two and three tank systems, majority of the pollutant was retained by the
second tank. First tank had a J-type inlet thus, it projects the water column
upward until its momentum is lost due to resistance from the water body. Now
the top water column is mixed with salt which creates a denser liquid at the top.
This dense water column starts to go down as the density of the water at the
bottom is less. While moving down, some of the pollutants reach the outlet of
tank 1. The connection between tank 1 and tank 2 resembles a L-type inlet
where the flow is mostly horizontal. Furthermore, this water flow is a laminar
flow. The denser water reaching the second tank via the L-type connection with
the first tank, now remains at the bottom without much mixing. Consequently,
more soluble pollutants get trapped at the bottom of the second tank. This
phenomenon can be exploited to remove soluble contaminants from the RWH
system by automating the system to either isolate the first tank or open the drain

valves of the first two tanks. Although some amount of water will be lost, the
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remaining water will be of higher quality. In this study, we focused only on salt

as a pollutant, but this can be extended to most of the soluble contaminants.

5.2.2 Variation of tracer (salt) concentration with drained water volume

When the drain valve was opened, immediately upon the influx of water (water
level at 30%), the tracer mass transported with the water was about 10%, and
19% for 0.125 V and 0.25 V drained water volumes, respectively (Figure 19).
When the drain valve was operated at a higher water level (ie. 50% or 75% of
H), the tracer mass carried out with the drained water volume was much higher
(>20%) compared to that when drain was operated at 30% of the tank volume
(0.3 H). This may be due to the upward flow (Figure 20) created by the J-type
inlet. As the water flow is upwards, tracer and the water column beneath the
inlet does not get mixed immediately. Therefore, opening the drain immediately
with the water influx is not effective. When we drained at higher water levels
(50% and 75% of H), however, we could observe that there is no difference

between the masses carried out with drained water volume.
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Figure 19 Salt concentration in the last tank of RWH system when the drain
was operated at different water levels draining 0.125 V and 0.25 V for one tank

system, for inflow velocity of 1 L/min

Figure 20 Flow patterns under different inlet arrangements; J-type (Left), L-

type (Middle), I-type (right)
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When the number of tanks increased, we observed a similar behavior to one
tank arrangement. Operating the drain at a higher (50% or 75% of H) level
proved to be more effective compared to opening the drain immediately upon
introducing water into the system (Figure 21). Nevertheless, we observed that
operation of the drain of the second tank in the 2-tank system was more
effective. By operating the drain of the second tank, more tracer mass (4 to 5%)
was removed. This may be due to tracer getting transported to the second tank
due to advective forces from tank one. Further, this can be attributed to the scale
effect also, as the retention time is low compared to a larger tank. However, in
real-scale tanks the flow rates can become much higher that could result in
shorter retention times than what this study has considered. When the flow rates
increased from 1 L/min to 2 L/min, operation of the second tank drain became
more effective. The same phenomenon was observed for the 3-tank system. The
operation of the drain of the second tank was more effective.

Dao 2017 in their study demonstrated that most of the incoming particulate
matter is retained by the first two tanks in a multiple tank system. Therefore,
operating the drain of the first two tanks can remove not only soluble pollutants,
but also a significant amount of particulate matter coming into the system as
well. However, in this study we introduced salt to the system over a ten second
interval whereas in real-scale tanks this may be higher (Lopez-patino, 2009). In
such a circumstance, the percentage of pollutants that can be removed by
operating the drain valve is lower than the values observed in this study.

However, the simultaneous isolation of the first tank and operation of the drain
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valve may be the best solution to prevent the soluble contaminants from

migrating to the next tank which needs further investigation.

Tank 1 drain Tank 2 drain
. \\ . \\
300 300

0 0.05 0.1 0.15 02 025 03 0 0.05 01 0.15 02 025 03

Concentration (mg/L)
Concentration (mg/L)

Drained water volume/ Tank capacity Drained water volume/ Tank capacity

—o—Water level 30% Water level 50% Water level 75% ——Water level 309 Water level 50° Water level 75%
Figure 21 Salt concentration in the last tank of the 2-tank RWH system when
the drain was operated at different water levels draining 0.125 V and 0.25 V

under a flow rate of 1 L/min

5.2.3 Variation of tracer (salt) concentration with overflow

When water overflows, the percentage of salt mass transported reduced when
the number of tanks increased (Figure 22). When the number of tanks increased,
salt concentration gets diluted and gets retained by first few tanks.
Consequently, the mass that gets transported with a specific overflow water
volume reduced. Overflow seemed less effective compared to draining. This
can be resulting from the effects of dilution. Drain valve was operated when the
tank was not full, thus the pollutant concentration was much higher. When we
removed some volume from that concentrated solution, we removed a higher
amount of pollutant compared to removing the same volume of water when the

tank was at full capacity.
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Figure 22 Percentage of salt mass transported with an overflow of 0. 5V in
different tank arrangements

Some RWH system designs incorporate flow diverters to divert the excess
water after the tank reaches its full capacity to the drain. However, as
demonstrated in this study, by allowing the water to overflow can enhance the
water quality, thus we can recommend not to include a flow diverter for

overflow.
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Chapter 6. Conclusions
6.1 Effect of inlet/outlet configurations

6.1.1 Conclusions of the study

The third chapter of this study analyzed the inlet and outlet configurations of a
typical rainwater harvesting tank in the developing world that affect the water
quality of stored water. Installation of a J type inlet resulted in less bottom
sediment resuspension and enabled conservative materials to reside within the
RWH tank for a longer period than conventional | type inlets, while also
releasing the conservative material in low concentrations. This is beneficial for
providing users with a higher response time to either isolate the tank from other
units of the RWH system or drain the stored water if a conservative pollutant
enters the RWH tank. The inlet height had no significant influence on bottom
sediment resuspension or RTD; however, a J type inlet placed near the bottom
of the tank may allow the initial water height to provide a cushioning effect.
The inflow velocity is critical when managing the water quality of stored
rainwater. When selecting the pipe diameter, it is recommended to set the
inflow velocity below 1.3 m/s to prevent bottom sediment resuspension.
However, it is advised to maintain the flow velocity above 0.6 m/s for self-
cleaning of the inlet. The outlet height is significant for retaining conservative
materials because the retention capacity of the tank is proportional to the outlet

height. However, a higher outlet height might not be cost effective for a single
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tank RWH system; hence, two outlets could be provided as suggested. For a
multitank RWH system, a higher outlet height in the first tank can provide a
multitude of benefits. If rainwater storage tanks can be properly maintained by
regulating the water level in the tank at half-filled conditions using the two
outlet system and by regularly draining the bottom sediment, the quality of
stored water can be significantly improved at a lower cost. Based on the
findings of this chapter, we can recommend the following design for single tank
systems (Figure 23). Magyar et al., 2011 suggested a conical base for better
sediment removal; therefore, the bottom of the tank should be designed

according to Figure 8 to improve the flushing of bottom sediment.

//‘

_,\"\“/J_ ;a |

:Q;. Drain valve

Figure 23 Recommended inlet/outlet design for rainwater storage tanks (left)

and drain valve design for improved bottom sediment removal (right).
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6.1.2 Limitations & further studies

This research did not investigate the influence of bottom sediment on the
removal of other contaminants, and whether desludging could assist the
removal of other contaminants from RWH tank, which needs to be investigated.
Further, the authors focused only on a narrow range of Reynolds numbers. In
large scale tanks, Reynolds can vary from laminar flows to turbulent flows.
This needs to be investigated further in detail along with a numerical analysis

that account for the scouring effect of outlet heights.
6.2 Effect of number of tanks

6.2.1 Conclusions of the study

The fourth chapter analyzed the effect of the number of tanks on water quality
under a sudden particle input and a conservative pollutant input. A higher
number of tanks could potentially benefit the users by reducing the amount of
particulate matter reaching the final tank/outlet and retaining a conservative
pollutant for a longer duration compared with a single tank system. In addition,
the concentration peaks of a conservative pollutant reaching the outlet could be
dampened, thus maintaining water quality within permissible limits.
Furthermore, it can be concluded that by having a multi-tank system, a
consistent particulate water quality can be achieved under varying flow rates
and particulate matter influx concentrations. Having a higher outlet (at 0.6 H)
for the first tank is also recommended to improve the particulate water quality

and to achieve a longer residence time for conservative pollutants. The first tank
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of a multiple-tank system would hold the majority (>60%) of an incoming
particulate pollutant; therefore, it is recommended to operate the drain valve to
flush out the particulate matter after a rainfall event. The drain valve of the
second tank also needs to be operated (though not as frequently as for the first
tank) to maintain good water quality at the outlet. For a soluble contaminant,
once it enters an RWH system, it is difficult to remove. However, a multi-tank
rainwater harvesting system could be automated to isolate the first tank and
then drain it, to prevent contamination of the other tanks. It is recommended to
have a properly designed first-flush unit or an inflow diverter to prevent the
first few millimeters of a rainfall from reaching the storage tank. In developing
countries where the use of energy intensive filtration devices is not
economically feasible, community-based multiple tank RWH systems could
improve the harvested rainwater water quality thus, contributing towards

achieving sustainable development goal number six: clean water and sanitation.

6.2.2 Limitations & further studies

We have not investigated whether desludging could influence the removal of
contaminants during a rainfall event. In addition, feasibility of a multiple tank
system depends on factors such as the scale of RWH system, land space
availability and the cost associated with the project. Therefore, it is
recommended to carry out a cost benefit analysis for existing multiple tank
RWH systems, to understand how the aforementioned factors affect the
economic feasibility of multi-tank systems. Further, the geometry of the tanks
may affect the particle separation of the system that needs further investigation.
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The tracer study data needs to be verified by numerical modelling that is a
limitation of this study. A numerical model will give insightful information on

how we can improve the design of the system and also, analyze larger systems.
6.3 Removal of a soluble pollutant during operations

6.3.1 Conclusions of the study

In chapter five, we demonstrated that opening the drain during the first rainfall
event could remove more than 20% of soluble contaminants such as salt.
Furthermore, the operation of drain was observed to be not effective when the
drain was operated immediately with the influx of water. The operation of the
drain of the second tank in a multi-tank system was effective in removing a
soluble contaminant. Authors recommend not to incorporate a flow diverter to
divert the flow when the tanks are full to employ the overflow for removing a
soluble contaminant. Though this study did not investigate the particulate
matter removal, the operation of the drain during the rainfall event will remove
particulate matter influx which would help in improving the runtime of the filter.
It is authors opinion that these findings could serve as a platform for the

automation of operation of RWH systems.

6.3.2 Limitations & further studies

It is recommended to assess the effects of drain operation in terms of microbial
water quality. Also, a computational fluid dynamics analysis for the RWH
systems considered in this is needed for validation. As the behavior of a soluble

pollutant is unique to each tank (due to changes in inlet/outlet arrangements,
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geometry and flow conditions), we recommend a thorough analysis on this

matter prior to arriving at any conclusions.
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