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Abstract: This work presents the modeling and simulation of a hydraulic network with four nodes
and two branches that form a two-level water distribution system. It also proposes a distribution of
hydraulic valves that allows emulating a leak using a valve and different network configurations,
e.g., simple ducts, closed networks and branched networks. The network is modeled in the steady
state considering turbulent flow. Numerical experiments are performed, and the results show that
the proposed network is useful for the design of leakage diagnosis and control algorithms in different
configurations and leakage scenarios.
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1. Introduction

Safety and proper functioning of hydraulic networks are very important, since these systems are
used in the industrial and governmental sectors for the transportation of different types of fluids such
as gases, hydrocarbons and water. In this sense, one of the main problems in the distribution networks
of liquids are hydraulic leaks, where a hydraulic leak is defined as the uncontrolled output of fluid that
occurs in any section of the network. A leak can occur when there is corrosion on the inside or outside
of the pipe, or it can be caused by blows, by the theft of transported product, etc. [1]. Leaks have serious
consequences such as environmental pollution, economic losses and human deaths from hydrocarbon
explosions. Leaks occur more frequently in worn pipes, pipes with low maintenance, pipe joints or in
some accessories such as elbows and valves, among others [2].

Due to the strong environmental and social impact caused by leaks in water distribution systems,
it is necessary to reduce this problem [3], taking into account that the water demands increase as the
population multiplies, and water losses in highly populated cities increase in a high percentage as
well. The Organization for Economic Cooperation and Development (OECD) conducted a survey
in 42 cities with the highest leakage problem in their distribution networks. In the list, one can find
Mexican cities like Tuxtla Gutiérrez with a flow loss of 70%, San Luis Potosi with 50% and Mexico City
with more than 40%. Other important cities around the world are Paris with loses of 10%, Hong Kong
(China) with more than 15% and Liverpool with more than 20% [4]. These percentages of water losses
in distribution networks give evidence of the need to develop solutions in order to solve or at least
mitigate this problem.
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Different works have been developed that focus on leak detection and control of hydraulic
network systems. For example, Van Pham et al. [5] used a receding horizon optimal control method
applied to the flow model of the network, guaranteeing the convergence of pressures in case of
transients; Torres et al. [6] designed a state observer through redundant relationships in order to isolate
sensor and actuator faults and unknown extractions of fluid; Wang et al. [7] used a robust predictive
control algorithm to control pressures and flows in the demanding nodes in a small network. In order
to validate these algorithms, it is necessary to test them experimentally in laboratory plants that can
reproduce, at scale, the behavior of real hydraulic networks. In this context, different pilot plants have
been built for experimentation with emphasis on hydraulic leaks. For example, at the laboratory of
the Engineering Institute of UNAM(Mexico), a hydraulic network was designed with a vertical coil
arrangement where leak detection and localization algorithms have been developed using model- and
data-based techniques using monitoring software in Labview® and MATLAB® for flow and pressure
analysis [8,9]. In the hydraulic laboratory at CINVESTAVcampus Guadalajara (Mexico), the pilot plant
has a rectangular geometry, and it has also enabled the development of leak detection algorithms
with model-based methods [10,11]. GIPSA-lab (France) and the University of Catalonia (Spain) also
have facilities enabling the experimentation with hydraulics networks [7,12], and the list can continue.
On the other hand, when there are no pilot plants available or the physical extension of the hydraulic
network is prohibitive for a laboratory, it is necessary to use specialized software to emulate the
behavior of the network. One of these software programs is EPANET®, which is a public domain,
water distribution system modeling software package developed by the United States Environmental
Protection Agency; it performs extended-period simulation of hydraulic and water-quality behavior
within pressurized pipe networks, and it has been also used for leak detection [13]. Flow-Master® is
another software program that has been used for the representation of hydraulic networks and the
development of leakage detection and localization techniques [14].

In line with the laboratories previously mentioned, as well as their important usefulness in
the development of new leak detection and localization techniques, this paper proposes a model of
an extended hydraulic network with two lateral connections that is under construction at the Instituto
Tecnoldgico de Tuxtla Gutiérrez. It will allow experimenting with a hydraulic network of a few nodes
that emulate some real problems that arise in a real distribution network. Therefore, this work presents
the modeling and simulation of a 200 m hydraulic network, with a storage depot of 2500 L, a hydraulic
pump of 5 hp, four nodes in its two lateral sockets and valves for the simulation of leaks. SolidWorks®
is used to present its geometric arrangement in order to consider the space available at the laboratory
where it will be located. The physical layout of the network consists of a base with two lateral branches
that connect to a second level. The steady-state model of the hydraulic network obtained in the
MATLAB® environment is also described. In this way, a unique prototype that simulates a real
hydraulic network is obtained. It will serve as an experimental basis to develop leakage diagnosis
algorithms, in addition to optimal control techniques applied to the network to reduce water waste
due to hydraulic leaks. The results are presented with the description of the parameters obtained in
leak-free and leak conditions.

2. Modeling of the Hydraulic Network

2.1. Hydraulic Concepts

A distribution network comprises a collection of interconnected pipe sections in a specific
configuration, each one with a length, a diameter and a roughness according to the material. Sections
of the pipeline may contain pumps and accessories, such as elbows and valves. The end points of each
pipe section are identified as union nodes or fixed grade nodes. A joint node is a point where two or
more sections of pipe join together, and it is also a point of consumption where the flow can enter and
exit the system. A node of fixed degree is a point where a constant piezometric height is maintained,
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such as a connection to a reservoir, an elevated storage tank or any other constant pressure region.
In any pipe network, the following equation is fulfilled [15]:

Np=N;+ Ny +Nr—1, 1)

where Np is the number of pipe sections (also called lines), Nj is the number of union nodes, Ny, is the
number of closed loops and Nf is the number of fixed degree nodes.

On the other hand, hydraulic pumps can be described in several ways. For some applications,
a constant power input is specified. For other applications, a curve is adapted to the actual operating
data of the pump. For pumps described for their useful power P,, the energy added by the pump
between the nodes i, j is expressed in terms of the flow rate by:

Hj_Hi = VPu/Qij} )

where H is the pressure head (mwc), y it is a constant that depends on the units used and Q is the
flow (m3/s). Alternatively, a pump can be described by its flow values at different operating points;
these points relate the discharges (output flows) with the differences in piezometric height through the
pump. A quadratic polynomial can be adjusted through these points to obtain a characteristic curve
that describes the operation of the pump in the form:

H; — H; = agn* + bon Qi + COsz]‘/ (3)

where ag, by y ¢ are the coefficients of the curve that represent the real operation when the pump
works at maximum speed. At least three data points are required to determine the coefficients, where 7
is the proportion of the rotational speed at any time, with respect to the rotational speed associated
with the data used to determine the coefficients [16].

2.2. Energy Losses and Mass Balance in Hydraulic Networks

When there is fluid transport in a hydraulic network, an advance resistance is generated due to
the roughness of the material, where the relative roughness is defined by:

e=ks/d, 4)

where k; is the absolute roughness (mm) and 4 is the diameter of the pipeline (mm). Another important
parameter of the flow in hydraulic networks is the friction factor f, which depends on the geometry of
the pipe and the Reynolds number (Re). The friction factor depends on the flow turbulence, which is
considered to be laminated when Re < 2000, and it is considered turbulent when Re > 4000 [17].
In a turbulent regime, the friction factor depends not only on the Reynolds number, but also on the
relative roughness (€). In the transition region 2000 < Re < 4000, to estimate the friction, a cubic
interpolation is made with the border values of both regimes. Taking into account both types of flow
(laminar and turbulent), the friction factor is calculated with:

64/Re, Re < 2000;

f= 574\ 2 ()
(—210g10 (;7 + Re09>) , Re > 4000.

When the system is in a steady state, it is possible to calculate the friction factor with the
Darcy—Weisbach equation using measurements obtained from the hydraulic network, to next use the
Colebrook equation to calculate the roughness coefficient of the hydraulic network material. However,
in practice, an explicit approximation using the Swamee-Jain equation is used [18]:
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Therefore, considering the roughness of the material and the friction caused by the flow through
the pipeline, the pressure energy losses are defined by the Darcy—Weisbach equation:

H; — Hj = hij = fLQ;;/2g A%, @)

where L is the length (m) of the pipeline, /;; is the loss of pressure (mwc) when the flow passes through
the pipe, A is the area of the cross-section (m?) of the pipeline, d is the diameter of the pipeline (mm)
and g is the gravity (m/s?). It is possible to represent some parameters of the Darcy-Weisbach equation
in a single coefficient of the form:

rij = fL/ (2gA2d> , (8)

and Equation (7):
H; — Hj = hjj = 1;; Q% )

where 7;; is the coefficient of resistance to flow. It is important to mention that the equivalent length of
the accessories in the hydraulic network is included in the variable L of Equation (8).

For the flows that are distributed in hydraulic networks, the principle of the conservation of mass
in each node of the hydraulic network is considered, and it is presented in the following equation:

ZQ;’;‘ =D, (10)

where the sum considers all the flows arriving at the node j from any adjacent node i and D; is the
demand or consumption in the node j. On the other hand, to represent a leak at any point of the
hydraulic network, the Torricelli equation is used [19]:

Qs = Asy/Hy, (1)

where Q¢ it is the flow of the leak, A is the leakage coefficient and H is the pressure at the point where
the leak occurs. The leakage coefficient is calculated according to the following expression:

)\f = CdAd\/ZTgI (12)

where ¢ is a discharge coefficient in the leak and A; is the area of the hole in the pipe where the leak
occurs. These equations are considered in the modeling of hydraulic networks.

In this case, the model developed is in the steady state regime in order to guarantee flow in all
regions of the hydraulic network even when a leakage flow is present at any point in the pipeline.
The leak, in this case, is modeled with Torricelli’s equation. However, it is important to mention that
in a real hydraulic network system, the flow regime is normally turbulent, which means that a more
accurate model is needed to consider the transient effects in order to perform a pressure wave analysis
in the case of an abrupt leak.

In the design of the hydraulic network, the Schedule 80 PVC pipe is proposed for its elastic
properties and low cost compared to other materials. Other characteristics of the network, such as the
inner diameter, the length of the pipe and the coil arrangement of the system were proposed according
to the available space in the hydraulic laboratory. The diameter and length are physical parameters
that are directly considered in the model. In the case of the coil arrangement and elbows, these are
used to redirect the flow, causing more turbulence and more energy losses. However, the energy losses
caused by accessories are included indirectly by considering an equivalent straight pipe with that
energy loss.
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2.3. Configurations of the Proposed Hydraulic Network

The proposed hydraulic network is designed to represent three geometric arrangements; this is
possible according to the opening and closing of valves distributed in the system. The first configuration
is represented in the instrumentation diagram of Figure 1, where all the valves remain open. The second
configuration is achieved by closing valves G1 and G2, to get the shape of a simple pipe, as presented
in Figure 2. Finally, the third configuration consist of a duct with two branches, which can be obtained
when the valves G3 and G4 are closed, leading to the arrangement shown in Figure 3. This emphasizes
that the proposed hydraulic network is reconfigurable, and it will allow the development of leak
detection and control algorithms in hydraulic networks with different topologies. The physical layout
of the hydraulic network (as it will be at the end of its construction) is shown in Figure 4. The first level
of this hydraulic network is already built and instrumented [20] and the construction of the second
level is work in process that should be completed by the end of 2018.

The importance of the different configurations of the proposed network is because they represent
real cases of hydraulic distribution networks. For example, the configuration of a single pipeline is
commonly used in hydrocarbon distribution networks where the fluid is transported by very extensive
(kilometers of) single pipelines; the branched network is commonly used to transport fluids in industry,
where there is a single source/reservoir of fluid and several demand points at different ends of the
network; while the interconnected network (closed network) is used in the transport of drinkable
water, allowing, in some cases, the water supply of a complete city.
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Figure 1. Complete configuration of the hydraulic network.
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Figure 2. Simple pipe configuration.
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Figure 3. Sectioned hydraulic network configuration.

Figure 4. Front view of the hydraulic network in SolidWorks®.

2.4. Modeling of the Proposed Hydraulic Network

Figure 5 shows the pressures on the nodes and the directions of the flows through the hydraulic
network, as well as the nomenclature considered to develop the mathematical model of the network.

To model the hydraulic network, it is necessary to apply the energy loss equations in each line or
pipe of the system and a mass balance in each node.

On the other hand, as was previously mentioned, the lower level of the network is a section already
built and instrumented at the Instituto Tecnolégico de Tuxtla Gutiérrez (ITTG) hydraulics laboratory.
The piezometric height values are known according to the water level of the deposit (where the flow is
stored and recirculated to flow into the network). Furthermore, the pressure provided by the pump is
known through sensors at the first level of the network, and it is considered as the boundary parameter
that causes the flow in the network. These are known values in the system of equations that models
the proposed network and that will be solved simultaneously. The known parameters include the
pressures Hy, Hy, Hs, Hg referring to the nodes of Figure 5, which conform to 1 mwc, and as for Node 1
of the hydraulic pump Hj, the values are according to the characteristic curve generated by a pressure
of 5.60 mwc and a flow of 3.83 m3 /s, while the roughness value of the Schedule 80 PVC material is
€ = 0.0235 mm, calculated with the Swamee-Jain equation with the experimental values obtained from
the simple duct configuration that was already built [20]. The proposed lengths and diameters in each
region of the network are presented in Table 1. Using Equations (3), (9) and (11), a system of nonlinear
equations is obtained that will be solved in MATLAB®, where it is possible to assign different values
arbitrarily to the leakage coefficient A to simulate different scenarios without leakage and with leakage
in Node 9, which represents a hole that introduces to the model a virtual node between Nodes 2 and
3. In this way, the pressure and flow values distributed throughout the hydraulic network will be
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obtained. Therefore, from the system represented in Figure 5, the next set of equations is generated;

for pressure drops in the system, the model is presented as follows,

Hy—Hy = F(qump),
Hy — Hp = 11 Q,,
H, — Hy = 139 Q3,
Hs — Hy = 134 Q%
Hy — He = 126 Q3.
Hg — Hs = re5 Qgs,
He — Hy = 167 Q.
H; — Hg = 165 Qgs,
Hs — Hy = r37 Q3s,
Ho — H3 = ro3 Q3,

(13)
(14)
(15)
(16)
(17)
(18)
(19)
(20)
(21)
(22)

where the coefficient r;; is described in Equation (8) and F indicates that the pressure difference between

Nodes 0 and 1 of the network is a function of the flow produced by the pump.

Hg Hy H Hs
[ -« . 2 -« . 4 .

Qs Qe7 Qs5

\ \
Q37 Qleak Q26

Q34 Qo3 Q29 Q12 Qpump
= -« L. -« -« L -« — -« <
Hy Hj Hy H, H, Hy

Figure 5. Nomenclature of the system variables.

Table 1. Dimensions of the pipe sections.

Section Length (m) Diameter (mm)

152 37.26 48.6
259 x 48.6
953 35.76 — x 48.6
34 39.26 48.6
256 1.00 24.3
357 1.00 48.6
6—5 37.26 48.6
6—7 35.76 48.6
758 39.26 48.6

) Denotes an arbitrary escape position between Nodes 2 and 3.

Considering the mass balance in the nodes of the system, the following set of equations is obtained,

Qpump — Q12 =10,
Q12 — Q29 = Q2,
Q29 — Qieak = Qoa,
Qo3 — Q34 = Qa7,
Q26 — Qo5 = Qe7,
Q37 + Q67 = Qrs,

(23)
(24)
(25)
(26)
(27)
(28)
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where the leakage flow is calculated with the Torricelli Equation (11):

Qleak = A/ Ho. (29)
3. Numerical Experiments

The set of Equations (13)—(29) obtained in the previous section is solved in MATLAB® using the
nonlinear optimization method called “trust region”, whose purpose is to solve a system of equations
f(x) = 0in order to find the optimal solution through an iterative process minimizing || f(x)]|?.
The efficiency of this numerical method is due to its rapid convergence [21]; in fact, it only takes 3-5s
to simulate, on a PC with a Core i5 processor, 24 h of running time.

The first numerical experiment is performed in the closed network without leaks. The solution
of the model provided the values of flow and pressure in different regions of the hydraulic network.
The results are shown in Figure 6 where the pressure values (mwc) are located at the nodes and the
flows (m3/s) in the lines of the figure. The pressure values at the ends of the hydraulic network
(Nodes 0, 4, 5, 8) are known values with a hydraulic height of 1 mwec. This height corresponds to
the water reservoir, as there will be a single deposit that will be used to supply, store and demand
water to/from the network. Therefore, all the network ends connect to this deposit, and the water is
recirculated through the system. It also should be noted here that the displayed pressure values are
gauge pressure values, i.e., zero-referenced against ambient air pressure, so they are equal to absolute
pressure minus atmospheric pressure.

1.00 1.42 1.50 1.00
(8 6 5]
0.53 1.39
1.92
1.91 3.83 3.83
9 g <
1.00 1.42 1.95 2.29 5.60 1.00

Figure 6. Pressures and flows in the network without leakage.

In the same way, a second numerical experiment is performed considering a leak in Node 9 ata z
distance with respect to Node 0; the obtained values are presented in Figure 7. In this case, the results
show that, when a leak occurs, the pressures decrease in each node of the network, and there are
variations in the flow rates. The leak was proposed in Node 9; however, if the leak is in any other region
of the pipe, new values of flows and pressures would be obtained in the network due to the mass and
energy conservation, respectively. However, the flow in each section of the hydraulic network is still
turbulent considering its speed and its diameters with respect to the Reynolds number.

1.00 1.19 1.30 1.00
(8 L6 5]
0.58 1.04
1.627
2.35 3.97 3.97
Q << e <<
1.00 1.19 1.36 1.86 5.39 1.00

Figure 7. Pressures and flows in the network with a leakage in Node 9.
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The numerical experiment whose result is shown in Figure 7 corresponds to a specific and unique
leakage configuration. However, using the mathematical model of the network, it is possible to simulate
varying conditions over time, e.g., programmed consumptions in the nodes that change during the day
or leaks that increase progressively, among others. To execute these numerical experiments—called
“extended period” in the specialized literature—from the steady state equations, a sweep is made of the
values that the parameters can take over time using “for” cycles, as shown in the following pseudocode:

params = value_list;

sols = [];

for param = params

sol = simulateNetwork(param) ;
sols = [sols,sol];

end

With the previous consideration, the network was simulated with a progressive leak in Node 9,
and the gradual change in the leak coefficient was modeled using an exponential function:

A=1x10"%(1 —exp(—t x3600/3))  [m2s71], (30)

where ¢ is time in hours. This function was selected considering that its evolution over time represents
an increase from zero to a value A,y = 1 X 10~% that would correspond to a leak through a circular
hole of about a quarter of an inch in diameter. In the graphs of Figures 8 and 9, the effects of a leak
over the network are shown, i.e., the increase in the flow rate and the loss of the pressure head at the
outlet of the pump. In Figure 8, it can be seen that the flow of the pump Q) represented between
Nodes 0 and 1 remains constant over time when the system does not leak; however, this flow increases
exponentially when a leak is present in the system.

3.43 T T T T T
3.425 4
- -Q01 no leak
T\I)\ +Q01 with leak
S 342 i
o
LL
3.415 n
341 1 1 1 1 1

0 4 8 12 16 20 24
Time (hours)

Figure 8. Flow variation in the presence of a leak.
In relation to the pressure variation in the system due to the occurrence of a leak, in Figure 9, it is

appreciated how the pressure H; remains constant in the absence of leaks in the system, but decreases
when the leak appears.
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4.69

- - -Hlnoleak
4.685

— H1 with leak

4.68

4.675

pressure head (m)

4.67

4.665

466 | | | | |
0 4 8 12 16 20 24

Time (hours)

Figure 9. Pressure head loss at the pump outlet caused by a leak.

4. Conclusions

This paper presented the design of a prototype of a hydraulic network that allows the development
of leakage control and diagnosis algorithms for three different configurations: single ducts, ducts with
branches and closed networks. The proposed hydraulic network was modeled, obtaining its system
of equations for the steady state case, which was solved using nonlinear optimization algorithms.
Numerical experiments in MATLAB® showed that the proposed network structure guarantees
turbulent flow in all its lines for the considered configurations and that its construction and use
as a scale model of pressurized networks is feasible. It is important to mention that the developed
model is part of a section already built of the hydraulic network, which is the simple pipeline section.
The known and experimentally-validated parameters of the already built section of the network were
taken into account in the extended model of the network. However, it is necessary to perform a mean
square error analysis between the experimental values of flow and pressure and the values obtained
numerically to further adjust the parameters of the model. This analysis remains as future work.
Finally, the goal of the model was to ensure the description of the flow in all sections of the network,
leaving the study of the transitory effects for future work. The inclusion of the transitory effects in the
model will allow the extension of the leakage diagnosis and control techniques, as well.
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