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Abstract: The analysis and simulation of water quality in distribution networks is a complex issue of great
concern today. The analysis of the evolution of water age, as a simple indicator of water quality in the network,
is of great interest in both design and operation phases. Understanding the factors that have the strongest
influence on water quality is key to developing adequate strategies aimed at preserving it. This paper firstly
analyses the factors with biggest influence in the tanks water age, to support the selection of the most
appropriate configuration from the point of view of water quality during design phases. Then, the main
considerations when modelling tanks following the different mixing models considered in Epanet have been
presented. Also, a real tank behaviour has been characterised through field measurements and Epanet
simulations in order to determine the best fitted mixing model.

Keywords: simulation; water quality; water age; storage tanks; hydraulic networks

1. Introduction

The primary objective of a Water Distribution Network (WDN) is to provide users with the
required demand under optimal pressure and quality conditions. As water travels from treatment
plants to users’ taps, Water Quality (WQ) parameters change, including an increase in water age, a
decrease in disinfectant concentration (chlorine), and an increase in disinfectant byproducts (THMs).

Under normal operating conditions, changes in WQ are caused by multiple factors. Chemical
reactions that begin during the treatment process continue within bulk water and pipe walls.
Additionally, water from different sources can be mixed in tanks and network junctions modifying
its quality [1]. Furthermore, accidental or intentional contamination episodes can occur, which can
have serious consequences on the WDN [2,3].

Analysing the network’s behaviour in terms of WQ is crucial for gaining a deeper understanding
of the processes involved. This enables operators to take more accurate actions to preserve WQ and
enhance the security and resilience of the system.

Hydraulic models followed by WQ models are necessary to determine travelling times, water
age, blending, and subsequent WQ throughout the system by considering the various water
travelling paths and quality transformations. It is impossible to accurately determine these factors
without the use of such models [4-6].

Epanet [7] is a widely used software for simulating hydraulics and WQ in WDN. These models
provide the concentration of a certain substance, source tracing, water age, and occasionally traveling
times at any point in the network [8].

Distributed under a Creative Com CC BY license.
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But developing a reliable WQ model with Epanet is even a complex task that involves multiple
factors. Firstly, a valid hydraulic model is necessary to accurately determine the pipe flow rates,
which must be detailed enough and properly calibrated [9,10]. Therefore, it is crucial to model all
elements of the system from a WQ perspective to obtain accurate and coherent simulation results,
particularly tanks where water can be retained for long time, and small pipes if the WQ model
extends to the taps. Furthermore, it is crucial to have a demand allocation that closely reflects reality.
This is because water can remain stagnant for long periods before being consumed in dead end
pipelines.

WQ is mainly affected by reactions in bulk water, interactions with pipe walls, flow mixing,
ageing and mixing within storage tanks [11]. Since WQ in WDN is a very broad field of study, this
paper focuses on the analysis of the changes that occur in storage tanks.

Storage tanks are the network component with the greatest impact on WQ because water spends
a certain amount of time in them before being released back into the network, and in the meantime
important changes in quality parameters can occur [12,13]. These changes can include increased
water age and various aesthetic and chemical reactions, such as chlorine decay, growth of disinfectant
by-products, and changes in appearance [14].

In order to achieve accurate simulation results when developing a WQ analysis of a WDN, it is
necessary to adequately model water tanks, as these elements affect the behaviour of the whole
network [15-18].

WQ deterioration in tanks is a common issue discussed in literature. Studies on storage tanks
can be classified into three areas: (1) monitoring and sampling [19-21], (2) physical-scale modelling
[22-24], and (3) mathematical modelling [25,26]. This paper focuses on mathematical modelling (3)
and its validation with real measurements (1).

With this aim, Epanet 2.2 software has been used to mathematically determine the evolution of
WQ in tanks. When modelling tanks in Epanet, two main aspects must be considered regarding the
evolution of WQ: the selected mixing model and the connection of the inlet/outlet pipes to the tank
and to the system, apart from the mode of operation. The main purpose of this document is to analyse
how the mixing model and the arrangement of the tank pipe connections affect water age and
compare these results with field measurements for a real case study.

2. Fundamentals

2.1. Epanet’s Mixing Models within Storage Tanks

The real behaviour of water within storage tanks is complex and depends on several aspects
such us the tank geometry, pipe inlets/outlets, convection, diffusion, and turbulent flow. Therefore,
Computational Fluid Dynamics (CFD) methods can be used to precisely model real tank behaviour
[27]. The use of CFD methods in tank modelling is of great interest during the design phase, since
they provide detailed insight into momentum and mass transport in tanks, allowing for the
determination of the best internal tank configurations to preserve WQ [28,29].

However, solving these equations requires significant time and computational power, which
hinders their integration into a comprehensive quality model of the entire network.

Epanet 2.2 implements four different types of models to characterize mixing within storage tanks
[7], as presented in Figure 1. In this case, it is assumed that elements behave ideally, with clearly
defined preferential paths and stagnation zones. When modelling a tank with Epanet, the objective
is to select the mixing model that best represents reality.
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Figure 1. Tank mixing models in Epanet [7].

¢  Complete Mixing: This model assumes that all water entering the tank is immediately and fully
mixed with the water already present in the tank.

¢  Two-Compartment Mixing: The storage volume of a tank is divided into two compartments,
both of which are assumed to be completely mixed. The inlet/outlet pipes of the tank are located
in the first compartment. When new water enters the tank, it mixes with the water in the first
compartment. If the first compartment is full, the excess water flows into the second
compartment, where it mixes with the water already stored there. Water exits the tank from the
first compartment. When the first compartment is emptied, it receives an equivalent amount of
water from the second compartment to make up the difference as long as it has stored water.
The first compartment simulates short-circuiting between inflow and outflow, while the second
compartment simulates the dead zones of the tank.

e  FIFO Plug Flow: This model assumes that water does not mix during its residence time in a
tank, instead it is stored in separated parcels. Water parcels move through the tank in a
segregated manner, with the first parcel to enter (First Input) also being the first to leave (First
Output). This behaviour occurs when inlet and outlet pipes are located at opposite ends of the
tank and baffles are present inside, or when tanks are fed from top.

e LIFO Plug Flow: This model is similar to the previous one but in this case water parcels stack
up on top of each other, with water entering and leaving the tank at the bottom in reverse order
of entry (Last Input is First Output). This behaviour is typical when both inlet and outlet pipes
are very close to each other, or when there is a single inlet/outlet pipe.

2.2. Influence of Inlet/Outlet Pipe Configuration in the Mixing Model

When determining the mixing model that best simulates the real behaviour of WQ in a tank,
several aspects need to be considered. Firstly, it is important to note that the different models
available in Epanet 2.2 aim to reproduce the interaction between inlet/outlet volumes with the stored
volume for each time interval. All of these models are dependent on the inlet/outlet pipe disposal,
tank geometry, and baffles configuration to guide the flows inside the tank if present, as shown in
Figure 2.

T l (Plant view)

Figure 2. Inlet/Outlet pipe configuration and baffles in tanks (from left to right).

Furthermore, the physical configuration of inlet and outlet pipes has a significant impact on the
flow of water inside a tank, including the creation of preferred paths and stagnation zones. As a
result, the selection of the most appropriate mixing model is influenced by the inlet/outlet pipe
configuration.

d0i:10.20944/preprints202404.0025.v1
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For instance, when using separated inlet/outlet pipes with baffles, it is expected that the FIFO
model will be the most accurate. However, in a pipe configuration where the inlet and outlet pipes
are close, the LIFO or Two-Compartment Mixing models are likely to provide the most accurate
results.

2.3. Influence of Tank Connection to the System in the Mixing Model

It is not only the disposal of the inlet/outlet pipes that affects the WQ in tanks, but also the
connection of the tanks to the network. Figure 3 shows two different connections which significantly
affect the daily water renewal rate and the evolution of water age inside the tank.
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Figure 3. Single (left) and independent (right) pipe connections to the system, with bottom inlet pipes
(up) and upper inlet pipes (down).

In a single pipe connection, the tank behaves as a balance tank. It fills when the demanded flow
is lower than the injected flow and empties in the opposite case. The daily renewal rate in this case
depends on the tank regime. The higher the difference between the maximum and minimum
operating levels of the tank, the higher the daily renewal rate.

Tanks with independent inlet/outlet pipe connections have a lower water age because all the
demanded water flow enters the tank, resulting in a higher daily renewal rate compared to tanks
with a single pipe connection.

2.4. Influence of Tank Operation on Water Age

Tank operation is also closely linked to WQ, which determines the daily renewal rate. Regulating
tanks have regular inlet and outlet flows, and minimum and maximum operation settings govern the
daily renewal rate.

In the case of balance tanks, their operating regime is not regular, so it is not possible to
determine the daily renewal rate a priori. Therefore, low daily renewal rates are expected when the
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tank is almost full, and high renewal rates are expected in certain situations when the network
demands high flows from them (emergencies).

The volume of the tank compared to their inflow and outflow is also important, as this in turn
determines the operating regime. In particular, pressure-breaking tanks have minimal storage
capacity, so they have little influence on the system’s WQ.

2.5. Cycling Simulation Results for Water Quality Analysis: Influence of Initial Quality

To achieve accurate and coherent simulation results when developing a WQ model of a network,
it is necessary to first model the hydraulic behaviour properly and allow enough simulation time for
all hydraulic and quality results to stabilise, reaching a cyclic behaviour as shown in Figures 4 and 5.
This includes pressures, tank levels, flows, and water age. At this stage, the control laws for the
regulating elements of the network, including the initial levels of tanks, must be adjusted to match
the values at which they repeat after a certain simulation time.

Evolution of Tank Level
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24
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20

0 50 100 150 200 250 300 350 400 450 500
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Figure 4. Evolution of a tank level. Cyclic behaviour.
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Figure 5. Evolution of water age on a tank. Complete mixing model.

It is important to note that in Epanet, when referring to tank quality, it corresponds to the WQ
in the outlet side, and particularly to the outer tank segment for FIFO and LIFO mixing models.

For Complete Mixing models, the WQ at the tank outlet is the same as the average WQ of the
entire volume of water within the tank. Therefore, the initial quality applies to all the water contained
in the tank.

However, for Two-Compartment Mixing, FIFO Plug Flow, and LIFO Plug Flow, it is not possible
to define the initial quality at the inner compartments or parcels. This is because, through the Epanet
interface or Toolkit, users only have access to set the WQ at the outer tank section. It is therefore
important to cycle the quality behaviour in the tanks before performing any analysis.
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3. Analysis of Maximum Water Age in Tanks as a Function of the Most Influent Factors

Regarding water age, its evolution is mostly affected by the rate of water reserve versus daily
injected volume, the tank operation (including pumping and demand regimes), and the tank’s
connection to the system, as discussed above.

The following graphs presented in IFigures 7 and 8] display how water age in tanks is mainly
affected by is affected by three factors: 1) the connection of inlet/outlet pipes to the network, 2) the
ratio of reserve versus injected volume, and 3) the pumping regime. In all cases, complete mixing was
assumed to provide an average scenario for comparison purposes. Also, results have been obtained
for a typical south-European water demand curve (continuous lines), represented in Figure 6, and its figure citations to appear in numerical order.
corresponding continuous average demand (dashed lines).

Com ted [M1]: Figure citations should be numbered
in order of appearance. We detected “Figures 7 and

8" appears before “Figure 6”, please rearrange all the
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Figure 6. South-European demand pattern considered.

For a single input/output pipe connection (Figure 7), the results obtained for continuous and
modulated demand are very similar in almost every scenario analysed, except for very extended
pumping regimes. In extreme cases, when the pumping flow equals the demanded flow, no water
enters the tank, resulting in a noticeable increase in water age. In such cases, it would be more
accurate to work with the curves obtained with a modulated demand.

Figure 7 demonstrates that, in the case of a single pipe connection, water age increases with both
the rate of reserve volume and the pumping time for the same daily-injected volume.
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Figure 7. Evolution of water age in a tank with single pipe connection to the network.
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For independent inlet/outlet pipes, the results for continuous average demand and modulated
demand are also similar, even for extended pumping regimes, as shown in Figure 8. Water age is
lower in all cases than for a single connection and still increases with the rate of reserve volume.

However, in contrast to the previous case, water age now decreases as the pumping time
increases, since a steady inlet flow continuously renews the water stored in the tank.
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Figure 8. Evolution of water age in a tank with independent inlet/outlet pipe connection to the
network.

The rate of reserve versus injected volume is what influences the evolution of water age, instead
of the total tank volume. Additionally, the tank demand regime, whether continuous or modulated,
has little influence on the results achieved. Therefore, these results can be applied regardless of the
tank’s demand pattern, particularly for independent inlet/outlet pipe configurations.

Overall, the analysis shows that an independent inlet/outlet pipe configuration presents better
results in terms of water age. This configuration allows for higher reserve volumes, which is
beneficial for supplying demand peaks and emergencies. Additionally, the dependence on the
pumping regime is lower, allowing for the implementation of different pumping strategies, such as
optimizing the pumping schedule to minimize energy costs, without penalizing water age.

4. Analysis of Water Age Evolution for Different Mixing Models

In previous sections, the influence of certain parameters on water age has been analysed for
design purposes, assuming complete mixing. However, Epanet offers other mixing models for
simulating the tank behaviour. A comparison between the results obtained with the different models
is made in the following sections.

4.1. Case Study 1

The Case Study 1 (Figure 9) focuses on the evolution of water age in a tank connected to a single
inlet/outlet pipe, which serves as a balance tank, for the four mixing models available in Epanet. A
2,000 m? balance tank of the geometrical characteristics given in Table 1 is considered.

do0i:10.20944/preprints202404.0025.v1
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Table 1. Tank properties.

TANK PROPERTIES

Diameter (m) 26.0
Minimum level (m) | 0.0
Maximum level (m) | 4.0
Initial level (m) 2.0

There is a demand node that requires 7.5 I/s for 12 hours at night and 22.5 I/s for the remaining
12 hours at daylight. The whole system is fed by a continuous flow of 15 1/s coming from an upper
reservoir and controlled by a Flow Control Valve (FCV), resulting in a daily average flow to the
balance tank of 0.

RESERVOIR

TANK

>4 °

FCV DEMAND NODE

Figure 9. Case Study 1 network diagram.

Figure 10 summarises the hydraulic behaviour of Case Study 1:
e Atnight, when the demand is lower, the tank fills up from 2.0 to 2.6 meters.
o During the day, as demand increases, the tank level drops from 2.6 to 2.0 meters.

Note that the presented tank configuration, with a single pipe connection to the network, does
not allow for simultaneous inlet and outlet flows to the tank. Therefore, the tank fills when the
injected flow is higher than the demand flow and empties when the injected flow is lower than the
demand flow.

HYDRAULIC VARIABLES OF CASE STUDY 1
30.0 3.00
25.0 2.50
20.0 2.00
2 E
2 15.0 150 g
z g
10.0 1.00
5.0 0.50
0.0 0.00
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48
FCV Flow (I/s) —Demand Flow (I/s) —Tank Level (m)

Figure 10. Evolution of the main hydraulic variables of Case Study 1.
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Even though the maximum level of the tank is 4 m, it only reaches 2.6 m, so in practice, according
to the real maximum and minimum levels reached, the used volume of the tank is 1,300 m3 instead
of its total capacity of 2,000 m®. As a result, the daily water renewal rate is about 25%, so it takes
approximately 4 days to renew all the water stored in the tank.

(15—-7.5) %12 % 3.6

Daily Renewal Rate (%) = 7300 *100 =~ 25% @™

Finally, the hydraulic and quality results in Case Study 1 stabilise at approximately 20 days or
480 hours of simulation time (Figure 5). Therefore, the analysis is focused on the results from the last
48 hours of the simulation.

Complete Mixing

In Complete Mixing, all water that enters the tank fully mixes with the water already inside.
Figure 11 shows that as the tank fills, new water with a low water age enters the tank, so water age
decreases. Conversely, when the tank is being emptied, water age increases as the stored volume
keeps ageing.

The maximum water age is 97.75 hours, which coincides with the renewal time of all stored
volume, approximately 4 days. This can also be calculated using the following expression [30]:

T =24.01 @)
" XV

where T: is the renewal time in hours, Vr the total tank volume and Vithe incoming volumes to the

tank during one day.
COMPLETE MIXING
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—Water Age —Tank Level

Figure 11. Evolution of water age and tank level. Complete mixing.

Two-Compartment Mixing

In Two-Compartment Mixing, the total available storage volume of the tank is divided into two
compartments, both of which are assumed to be completely mixed. The inlet/outlet pipes of the tank
are located in the first compartment.

In Epanet, the mixing fraction must be defined as the fraction of the total volume dedicated to
the first compartment. The simulation in the example was performed with mixing fractions of 0.2,
0.5, and 0.8, and the results are displayed in Figure 12.
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Figure 12. Evolution of water age and tank level. Two-Compartment mixing.

Results obtained for a mixing fraction of 0.5 and 0.8 are similar to those obtained for complete
mixing. This is because the mixing fraction is related to the total volume (max. level of 4 m) and not
to the actual volume used (max. level of 2.6), as depicted in the following Figure 13, so all the used
volume is mostly or totally located in the first compartment.

0.8 (3.2 m)

1% COMPARTMENT

1% COMPARTMENT

13t COMPARTMENT

Figure 13. Mixing fractions and levels of the first compartment.

However, when the mixing fraction is 0.2, the tank behaves as a real two-compartment mixer.
The first compartment only reaches a level of 0.8 m, and from there on, all volume corresponds to the
second compartment. When the tank is filling, new water enters the first compartment and mixes
completely with the water already present. This water is less than the total water, so water age
decreases faster (remember that in these cases the tank quality reported by Epanet is that of the first
compartment). On the contrary, during the emptying of the tank, water exits the first compartment
and is replaced by water from the second compartment, which has a higher water age. This results
in a faster increase in water age.

The results indicate that the hydraulic behaviour of the tank and the fixed mixing fraction are
crucial when selecting a two-compartment mixing system. Special attention should be paid to the
renewed volume and initial level of the tank. The hydraulic behaviour affects the accurate definition
of the mixing fraction, which in turn determines the accuracy of the results obtained.

FIFO Plug Flow

FIFO Plug Flow model assumes that water parcels move through the tank separately. The first
parcel to enter is also the first to leave. In the case of opposite inlet and outlet pipes, this would
correspond to a horizontal movement of the parcels. Also, the presence of baffles within tanks will
lead to FIFO behaviour. In the case of vertical stratification, it would correspond to filling the tank
from the top.

To enhance comprehension of the behaviour of FIFO Plug Flow, the scheme presented in Figure
14 was developed for the last case. It shows the evolution of the water age of the parcels in the tank.
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Figure 14. Evolution of water age in the parcels of the tank. FIFO Plug Flow. Numbers on parcels

stand for the water age, in h. Each figure represents the evolution of parcels for a time step of 1 h.

Starting from a full tank and assuming a fixed time steps of 1 h, observing the movement of
various water parcels within the tank can provide a better understanding of the FIFO Plug Flow
behaviour.

As the tank empties, upper parcels age at a rate of 1 hour per time step. This ensures that each
parcel reaches the lower location, which is determined by Epanet, with the same water age. Therefore,
the water age simulation presents a constant value when the tank is emptying.

Furthermore, as the tank fills, upper parcels are generated with a lower water age, which
increases when filling at a rate of 1 h. Meanwhile, the lower parcel remains stored and ages with each
time step at a rate of 1 h. Therefore, during the filling process, the simulation shows a constant rate
of increase in water age.

The simulation results, shown in Figure 15, follow this behaviour (remember that the tank
quality reported by Epanet is that of the outlet parcel). During the tank filling process, there is no
outgoing flow, and the water age of bottom parcels increases for the time it takes to fill the tank.
When the tank is emptied, there is no incoming flow, resulting in a drop of water age from 99.5 h to
87.5h, which is the time it takes to fill the tank, i.e., 12 hours, and it remains constant during emptying
because the time it takes for the water to leave the tank is the time it takes for the age of the stored
water to increase.
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Figure 15. Evolution of water age and tank level. FIFO Plug Flow.
LIFO Plug Flow

The behaviour of LIFO Plug Flow is similar to that of FIFO Plug Flow. But in this case water
parcels are stacked one on top of the other and the last one to enter the tank is the first to leave. In the
case of vertical stratification, it would correspond to filling and emptying the tank from the bottom.

To better understand the behaviour of the LIFO plug flow model, the scheme presented in Figure
16 shows the water age evolution of the parcels inside the tank, starting from a full tank and fixed
time steps of 1 h.

Tank Filled Tank Empties

3

2 4

1 3 5

0 2| 2(1+1) 2| 4(3+1) = 6(5+1)
Tank Fills Tank Empties

> 9(8+1)
! 8(7+1) 2 A 10(9+1)
7(6+1) 1
0

3
0 2
ks * i ¥
Figure 16. Evolution of water age in the parcels of the tank. LIFO Plug Flow. Numbers on parcels
stand for the water age, in h. Each figure represents the evolution of parcels for a time step of 1 h.

As the tank empties, the stored parcels age at a rate of 1 h at each time step. Thus, the lowest
parcel (whose value is that provided by Epanet) ages at a rate of 2 h.

In addition, as the tank fills, new water with a low water age enters the tank, creating the lower
parcels with a sudden decrease in the water age simulation results. Meanwhile, the water stored in
the upper parcels ages at each time step, resulting in an abrupt increase in water age when the tank
begins to empty.
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Note that under normal conditions, where there is always some reserve volume stored in the
tanks, the upper parcels never leave the network nor mix with other parcels and continue to age at
each simulation time step, reaching high water age values up to the total simulation time.

Figure 17 shows the simulation results, where water age decreases abruptly to zero when the
tank is being filled, as new water enters the tank and fills the lower parcel. Conversely, when the tank
empties, the water age doubles the real time because the old water stored in the upper lagged parcels
exits as it becomes older. At the end of the emptying cycle, there is a peak in water age that
corresponds to the upper parcels that were never renewed. In fact, this is due to mass imbalances that
occurred during the implementation of the quality model in Epanet.

LIFO PLUG FLOW

1200 3
100.0 25
£ 800 A 2
& £
< 600 15 3
2 3
& K
= 400 1

20.0 05

0.0 0
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48

—Water Age —Tank Level

Figure 17. Evolution of water age and tank level. LIFO Plug Flow.

4.2. Case Study 2

Figure 18 shows the network for Case Study 2, which is similar to Case Study 1. However, in
this case, the tank has two independent connection pipes. Therefore, all demand flow enters the tank
before exiting to the network, and incoming and outgoing flow can overlap.

RESERVOIR

> °

FCv DEMAND NODE

Figure 18. Case Study 2 network diagram.

The hydraulic behaviour is similar in both cases, but not the quality behaviour. The detailed
analysis of WQ behaviour in each case would be carried out following the same steps as shown for
case study 1. But it is important to note that the daily water renewal rate in Case Study 2 is much
higher, at 52.68 %, thus in general terms, water age in Case Study 2 will be lower in general than in
Case Study 1, being the results shown in Figure 19.
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Figure 19. Evolution of water age and tank level for all four Epanet tank mixing models. Independent
1/O pipes.

4.3. Revealing the Quality of Water Inside the Tank

As stated before, Epanet provides the water age in the storage tanks as the water age at the tank
outlet. Therefore, the total average water age of the volume stored within the storage tank is
unknown, except for the complete mixing model.

One way to get a rough idea of the quality of the water in the different compartments or parcels
inside the tank is to cause the tank to be emptied cancelling the inflow. Figure 20 illustrates the
evolution of water age for different mixing models as the tank empties.

TANK EMPTYING »
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Figure 20. Evolution of water age when the tank empties.

For the Complete Mixing model, the water age calculated in Epanet at the tank outlet coincides
with the average water age of the entire volume of water within the tank and so the water age
increases linearly as the tank empties.

The Two-Compartment Mixing model operates in two stages. In the first stage, the first
compartment with the lower water age begins to empty and the water from the second compartment
fills the left volume of the first compartment, so that the water age increases abruptly. In the second
stage, once the second compartment empties, all volume with higher water age remains exclusively
in the first compartment, and there is no further mixing between volumes with high and low water
age, resulting in a softening of the line slope.



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 April 2024 d0i:10.20944/preprints202404.0025.v1

15

The FIFO Plug Flow has a decreasing water age during emptying, as expected from the study of
the behaviour of this model. This is due to the fact that water exits the tank at a faster rate than it
entered, so the water age decreases.

The LIFO Plug Flow exhibits an abrupt increase in water age when the tank empties. This is
because the stored water in the tank ages without being renewed, and when the tank empties, all of
that volume exits, resulting in an increase in water age.

5. Field Tests

Determining the mixing that best represents a real tank behaviour can be done by following the
evolution of a tracer injected into the tank [31]. The tracer can be controlled at both the inlet and outlet
of the tank. When dealing with non-reactive materials, intermittent injection is sufficient as there will
be no reaction over time. On the other hand, the tracer can be a reactive substance that undergoes
decay or growth while remaining in the tank. By monitoring the concentration at the tank outlet, it is
possible to determine the evolution of the substance inside the tank and, consequently, the most
suitable mixing model to match reality.

Continuous monitoring of chlorine residuals concentration is common in many WDN:S. In this
way, following the chlorine evolution at tank’s inlet and outlet permits to choose the Epanet mixing
model that reproduces reality with higher accuracy.

5.1. Description of the Facilities

The drinking water supply system of the study includes several tanks. The following analysis
was carried out in one of these tanks, whose configuration is shown in Figure 21.

f =P

v

PP

Figure 21. Tank configuration (plant view).
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The tank operates by creating a sequential circulation circuit. Water first enters Module 3, which
has the highest capacity, from the bottom right and exits the tank from the bottom left. It then flows
in parallel to Modules 1 and 2, entering from the bottom and exiting from the opposite bottom side.
The modules are connected to the network through a single pipe, allowing water to enter or leave the
modules compound, but never at the same time. A chlorine sensor is located at the point where the
set of tank connects to the network.

A priori, given the tank configuration, it is not clear which mixing model would be the most
appropriate. Under ideal operating conditions, the system exhibits FIFO behaviour. However, in
more realistic scenarios, water flows with different ages may interact, so Complete Mixing or Two-
Compartment Mixing may be more appropriate. Furthermore, due to the close proximity of the inlet
and outlet pipes, a short-circuit may occur at the bottom of the modules. This could cause water to
remain on the upper side of the tank for longer periods, resulting in a LIFO model.

As previously noted, reality is much more complex, and the behaviour of a real tank may be a
combination of these theoretical models. However, to integrate tanks into a complete WQ model of
the entire network, it is necessary to determine through experimental measurements which Epanet
simplified model best represents reality.

On average, the tank demand is 19.85 I/s, with a regulating volume of 1,715 m3 when three
modules are operating. Additionally, there is a reserve volume of 2,465 m? to ensure supply security.
Figure 22 displays the level evolution and inlet/outlet flows for the tank’s module set over a 48-h
interval.

Tank’s hydraulic variables evolution

Flow (If5)

2/201918:00 24, 0:00  24/0212

196:00 2470

—— inletflow (I/s) —— Outlet flow (I/s) Level (m)

Figure 22. Evolution of the tank level, inlet and outlet flows.

The graph illustrates that the filling and emptying regimes are clearly differentiated due to the
single pipe connection to the network.

The field tests carried out consisted of making the various modules independent and
characterising their behaviour from the point of view of WQ. Figure 23 presents the operation
schemes that governed the field test.
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Figure 23. Tank configuration when performing the field tests. Modules 1 and 2 are isolated.

5.2. Determination of Chlorine Bulk Coefficient

To model the behaviour of the tank, it is necessary to first determine the bulk coefficient that
governs chlorine decay.

The laboratory obtained the bulk coefficient of chlorine from six samples taken from two points,
A and B, located in the transport pipe connecting the tank to the network. Three samples were taken
from each point, and they were kept at a constant temperature of 20 °C. The chlorine concentration
was periodically measured, and the measurements were validated using two different sampling
equipment.

The evolution of chlorine concentration follows a first-order decay, as described by Levenspiel
in 1999.

—C. .okt
C = CO e 3)
being K the chlorine bulk reaction rate and Co the initial chlorine concentration.
The relation between chlorine concentration and water age for the samples taken at 20 °C is
presented in Tables 2 and 3.
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Table 2. Chlorine decay over time in sample A.

POINT A POINT A =
TIME (h) ling equipment 1 Sampling equipment 2 AY }(::I(LSGE
PA-S1 PA-S2 PA-S3 PA-S1 PA-S2 PA-S3

0 0.99 0.95 0.93 0.91 0.95 0.93 0.943

1 0.94 0.93 0.92 0.97 0.96 0.97 0.948

2 0.98 0.94 0.88 0.98 0.96 0.95 0.948

3 0.92 0.89 0.86 0.99 0.96 0.95 0.928
<+ 0.96 0.92 0.92 0.99 0.94 0.93 0.943
5.5 0.91 0.92 0.9 0.92 0.92 0.87 0.907
7 0.9 0.92 0.9 0.91 0.89 0.86 0.897
23.5 0.81 0.77 0.68 0.76 0.77 0.71 0.750
315 0.6 0.59 0.57 0.58 0.56 0.56 0.577
119.5 0.22 0.17 0.21 0.20 0.11 0.22 0.188
149.5 0.11 0.08 0.15 0.13 0.05 0.15 0.112

Table 3. Chlorine decay over time in sample B.
POINT B POINT B .
TIME (h) Sampling equipment 1 Sampling equipment 2 o ?:;;GE
PB-S1 PB-S2 PB-S3 PB-S1 PB-S2 PB-S3

0 0.98 1.04 1.00 1.02 1.06 1.03 1.02

1 0.99 1.00 0.98 - 1.00 1.04 1.00

2 0.90 0.93 0.92 1.01 1.01 1.01 0.96

3 1.01 0.90 0.93 1.02 0.94 0.98 0.96
4.5 0.98 1.00 0.93 0.98 0.95 0.98 0.97
6 091 0.98 0.92 0.96 0.96 0.95 0.95
22.5 0.71 0.75 0.81 0.75 0.78 0.79 0.77
30.5 0.67 0.59 0.64 0.75 0.57 0.58 0.63
118.5 0.18 0.07 0.15 0.10 0.13 0.17 0.13
148.5 0.08 0.09 0.11 0.11 0.08 0.10 0.10

By representing the results in a logarithmic base, a line is obtained whose slope corresponds to
the bulk coefficient K. In this way, the bulk coefficient of chlorine determined is 0.0145 h-!, which is
similar for the two measurement points.

5.3. Experimental Assessment of the Evolution of Chlorine at the Tank Inlet/Outlet Pipe

The chlorine evolution in the tank was experimentally determined by isolating Module 3 in the
first phase. Module 3 has a higher capacity of 3,750 m? and was used to obtain the chlorine
concentration at the outlet of Module 3, which in a second phase will be the inlet of Modules 1 and 2
from which water returns to the network. The evolution of chlorine in Modules 1 and 2, which are
located in parallel with volumes of 1,750 m? and 2,000 m? respectively, was finally obtained.

Figure 24 presents the results obtained for Module 3 over a 24 h period starting on 06/17/2019 at
00:00.
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Figure 24. Tank level and chlorine evolution in Module 3.

The graph illustrates that during the filling of the tank, water with a lower water age is
introduced, so that the chlorine measurements increase up to 0.9 ppm. Conversely, when the tank is
being emptied, chlorine measurements decrease abruptly to 0.8 ppm due to the increase in water age
after being stored inside the tank, resulting in a decrease in chlorine values.

It is important to note that the field tests were conducted in accordance with the tank’s
operational rules. It was not possible to extend the field tests in order to preserve the WQ in Modules
1 and 2, trying not to significantly increase the water age in them. Therefore, the field tests were
conducted on three alternate days to assess the repeatability of the results without affecting the
normal system operation.

The analysis of Module 3 indicates that the chlorine value decreases by approximately 0.1 ppm
compared to the input value. No fluctuations were observed, resulting in a constant chlorine value.

After studying Module 3 independently, the chlorine evolution at the pipe connection to the rest
of the network was analysed with all modules in operation in order to characterise the chlorine
evolution at Modules 1 and 2.

Figure 25 shows that in this case, chlorine evolution follows a similar trend to that of Module 3.
However, the decrease in chlorine is higher as the storage volume and water age increase.

Chlorine Evolution for the whole Tank

0.86

chiorine (ppm)
Level ()

3:00 6:00 9:00 12:00 15:00 18:00 21:00

—— Chlorine (ppm) — lewel(m)

Figure 25. Tank level and chlorine evolution with all three modules operating.

The experimental analysis indicates that when all three modules are operating, chlorine is
reduced by approximately 0.25 ppm, of which 0.1 ppm is reduced in Module 3 and 0.15 ppm in
modules 1 and 2.

The larger decrease in chlorine concentration observed in Modules 1 and 2 may be due to the
simplified internal configuration assumed, resulting in a 3,750 m? module with baffles. Guiding
baffles reduce stagnation zones and promote higher stored volume renewal, thereby decreasing the
total water age of all stored volume. However, since it takes more time to renew a higher volume, an
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increase in water age at the tank outlet is observed, resulting in a higher decrease in chlorine
concentration.

5.4. Epanet Modelling

The purpose of modelling the tank behaviour with Epanet is to analyse theoretically the water
age and chlorine evolution inside the tanks and to compare the results obtained with experimental
measurements in order to determine the Epanet mixing model that better simulates the observed
measurements and to confirm whether or not this model matches the model derived from the
physical tank characteristics, including the baffles inside Modules 1 and 2.

Figure 26 illustrates the chlorine evolution and tank level for a 48-hour simulation using Epanet,
for Module 3 and all available mixing models.

Chlorine Evolution. Epanet Simulation

0.70

Chlorine (ppm)
Level (m)

0:00  3:00  6:00  9:00 12:00 15:00 18:00 21:00  0:00 300  6:00  9:00 12:00 15:00 18:00 21:00  0:00

——— Complete Mixing (ppm) Two Comp. (ppm) FIFO (ppm) ~ ———LIFO(ppm) = = Level (m)

Figure 26. Simulated chlorine evolution for all mixing models available in Epanet.

The tank behaviour with the three modules was simulated using Epanet to determine the mixing
model that best represents reality. Since Modules 1 and 2 together have similar characteristics to
Module 3, the results obtained are comparable to those of Module 3 alone.

6. Discussion

To determine the mixing model that best represents reality, the decay amount and the trend of
this decay were considered.

Firstly, it is important to note that the simulated chlorine decay for Complete Mixing, Two-
Compartment Mixing, and FIFO Plug Flow is significantly higher than that observed in field tests.
During the experimental phase, a decay of 0.1 ppm was observed, while the simulations resulted in
a decay of approximately 0.35 ppm. This indicates a significant difference between the models and
reality. Additionally, the simulated and observed chlorine decay for the LIFO Plug Flow model is
similar, 0.1 ppm. Regarding the decay amount, LIFO Plug Flow better reproduces reality. This means
that as the tank fills and empties from the bottom, only the lower part of the tank is renewed, resulting
in stratification in the upper part.

Regarding the decay trend, for Complete Mixing, Two-Compartment Mixing, and LIFO Plug
Flow, the simulation of chlorine decay shows a descending trend during emptying, which does not
correspond to reality. However, FIFO Plug Flow presents continuous values during emptying,
without fluctuations, which matches the results observed in field tests. Therefore, in the lower part
of the tank, there is an area that behaves like FIFO Plug Flow.

Thus, it can be concluded that the tank’s behaviour matches the FIFO Plug Flow model with
stagnation in the upper part of the tank. Figure 27 illustrates this behaviour, with stratification in the
upper section and FIFO Plug Flow behaviour in the lower section, where water enters from one side
and moves in an orderly manner to the outer section. Unfortunately, this combined model is not
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currently offered by Epanet, which could be an important improvement for the future given the
experimental results observed in our case study.

Figure 27. Schematic of the proposed mixing model.

7. Conclusions

As reviewed in this work, storage tanks can have a significant impact on WQ. Therefore,
analysing the tank behaviour is crucial during both the design and operation phases.

During the design phase, it is possible to determine the tank configuration and operation that
most efficiently preserves WQ. Defining tank configurations with independent inlet/outlet pipes and
operations with high daily renewal rates will result in a closer approximation to complete mixing or
FIFO behaviours, which is beneficial from a WQ perspective. Additionally, high daily renewal rates
result in lower retention times, which is also beneficial for preserving WQ. However, it is important
to note that this approach may not be the best for ensuring a security storage volume.

During operational phases, it is crucial to analyse the behaviour of tanks in terms of WQ to
ensure adequate values throughout the network. Modelling tanks in Epanet is useful for
incorporating them into a global WQ model of the network and gaining insights into the behaviour
of the system. Field tests can also aid in analysing how tanks behave in reality and determining the
Epanet mixing model that best reflects reality. Based on the experimental results, for the tank
analysed in this study, a Two-Compartment Mixing model appears to be the most suitable. The upper
compartment behaves as a Complete Mixing model, while the lower compartment behaves as a FIFO
model.
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