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ABSTRACT

Hydraulic modelling of water supply network using mathematical simulation models gives a quick
response to questions about network operational conditions. These would be complicated and time-
consuming based on study of real water supply network. Due to computer models, the water supply
network manager has the ability to analyse the variability of hydraulic parameters in the assumed time
of simulation. Hydraulic models are becoming more popular, thanks to their simplicity and results
presentation. They allow simulation and analysis of various operational variants (including failure
events) to support management of water pipe network and to build Water Safety Plans. Creating such
models is a complex task requiring data verification and adoption of certain assumptions, to ensure
accuracy. Data entered into the model can be divided into two groups: technical data defining the
physical characteristics of the pipe network, e.g. pipes and tanks diameters and operational data
describing the dynamics of operation of water distribution subsystem, such as controlling pumps or
daily water consumption patterns. However these models are not used for analysis which supports
present management of water supply system but they constitute only the basis for dynamic models. The
accuracy of dynamic model depends on operational data. Verification of these data and creation of
dynamic models require the analysis of water flow quantity and water pressure as well as emergency
events from the considered period. Detailed input data allows to increase the precision of obtained
results and their accurate interpretation. This paper presents the analysis of operational data and the
simulation results of hydraulic parameters (flow and pressure) for the one of the largest in Poland water
supply system. In the study the hydraulic model of the Silesian Water Distribution System as well as
the data obtained from the GIS and SCADA databases were used.

Keywords: Water Supply System modelling, extended period simulation, data quality, operational data,
EPANET 2.0.

1 INTRODUCTION
Water Supply System (WSS) management is an interdisciplinary task, requiring technical
and managerial knowledge. As part of this task, a number of subtasks should be implemented
such as: full coverage of drinking water demand, providing water of appropriate quality,
water supply under appropriate pressure, prevention of pipes failures, modernization,
prevention of water losses, etc. Until recently, water supply companies have been guiding
this tasks based on experience and intuition. However, along with technological and IT
development, many companies, including WSS, started to introduce new technologies to
monitor and support management. ITC systems usually consist of three modules: monitoring
(SCADA, CIS), databases (GIS) and an analytic module. The most important from the point
of view of WSS managing is the last module, which contains the mathematical simulation
model of WSS and optimization algorithms. The well-known models are hydraulic models
for calculating water flows and pressure in the pipe network. Building and calibration of the
WSS model is a complex and multi-stage process. In the literature, we can find a lot of advice
on the mathematical model building and calibration, including importance of data quality and
validation data quality, common mistakes in calibration and the latest calibration methods
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[1]-[10]. An important element is the data quality and the relationship between network
parameters and data. Many authors focus on the calibration of pressure and pressure
dependence on water demand [1], [11]-[15]. This is highly significant for the urban water
supply networks, but in larger water supply units modeling it should focus on both pressure
drops and water flow rates. This is a common problem in hydraulic design.

Hydraulic and quality models are the basic tool for conducting analyses, including water
flow and velocity analysis, pressure changes, water quality changes [16]. The most common
analyses include flow rates and pressure changes, on the basis of which it is possible to
determine whether a given system (subsystem) works properly, identify weak points of the
water supply network, identify areas that need to be reconstructed or modernized or plan to
introduce control valves (reducers, pumping stations) [17]. Moreover, the analysis of energy
consumption in the water distribution system is increasingly frequent, which is carried out
using mathematical models and are the basis for optimizing energy consumption [18]-[21].
Models of water quality changes are used to identify areas at risk of contamination or the risk
of losing a certain quality. The most common water quality model is chlorine decay and the
disinfection by-products (DBPs) formation, but with the help of a mathematical model, it is
also possible to model other water contamination (incidental, intentional) [22]-[25]. Then,
the water composition analyses can be used for risk management in Water Safety Plans.
However, creating such mathematical models is a difficult and complex task that requires
engineering knowledge of hydraulics and modeling, as well as different levels of data quality
[26].

The purpose of the work is to indicate the significance of input data to the model,
especially operational data for the precision of its calibration. The work presents the influence
of WSS control changes on the accuracy of the calibration of the hydraulic model of Silesian
Water Supply System

2 PRINCIPLES OF BUILDING A HYDRAULIC MODELS
2.1 Model calculations

Hydraulic models are described by linear and non-linear algebraic equations, similar to
equations describing the current and voltage balances of currents in electric networks and
resulting from I and II of Kirchhoffs law. To formulate the equations of the model, it is
necessary to determine the spatial structure of the water supply network, which consists of
nodes and sections. The first group includes: junctions, tanks, reservoirs. The second group
includes: pipes, valves, and pumps. Two hydraulic variables are associated with network
elements, namely flow rates and pressures (heads). To solve the flow continuity and head
loss equations at a given point in time, it can be used a hybrid node-loop approach [27], [28].
Assuming that the network consists of N nodes and NF fixed grade nodes (reservoirs and
tanks), then the relationship between flow rate and headloss in the pipe between nodes i and
j is defined as eqn (1) [27]:

where: Hi, H;j - nodal head at the node i and j respectively; hjj - headloss; r - resistance
coefficient; Qjj - flow rate between nodes i and j; n - flow exponent; and m - minor loss
coefficient. The second principle in hydraulic model design that must be met is the flow
continuity equation in all nodes, given below:
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where: D; - the flow demand at node i including convention, flow into a node is positive;
Qij - flow rate between nodes i and j. For a set of know heads at the grade nodes, it is necessary
to find solutions for all heads H; and flow rates Qj; solving eqn (1) and eqn (2). The solution
uses gradient method which starts with initial approximation of the flow in each pipes, which
may not satisfy flow continuity. However, trough successive iteration of the method new
nodal heads are found by solving the matrix equation:

AH =F, 3)

where: A - an (N x N) Jacobian matrix; H - an (N x 1) vector of unknown nodal heads; F -
an (N x 1) vector which contains the net flow imbalance in the node described by eqn (2) and
the flow correction factor, determined by the following equation:

F; = Z Qij — D +Zyij + Zpifo, 4)
j j f

where: yjj - the flow correction factor; pir - the inverse derivative of the pressure loss between
the connections of the nodes i (junctions) and fixed grade nodes f (tanks and reservoirs) in

relation to the flow; Hr — head in fixed grade nodes. The flow correction factor Yjj is defined
as [27]:

n 2
Yij = Dij (7’|Qij| +m|Qy] )Sgn(Qij)- )
When new heads are determined from eqn (3), the updated flow rates can be calculated from:
Qi = Qi — (Yij — pi;(H; — Hj))- (6)

This formula maintains the flow continuity around each node after the first iteration,
allowing subsequent calculations.

2.2 Data collection

Data collected to build a hydraulic model is divided into two categories: technical and
operational. The first group includes data describing the physical properties of the objects,
including location, elevation, pipes diameter, length, roughness, age and material, tanks
capacity, dimensions, base and water surface elevations (minimum and maximum), valves
diameter and purpose (throttle or reduction valve), pumps characteristics and reservoir head
[29], [30]. This data group is the basic information needed to build a model and run
simulations for steady states. Their detail affects the amount of flowing water and pressure
changes in the network. Currently, these data are automatically exported from the GIS
(Geographic Information System) database, which makes it much easier to create a
simulation hydraulic model and update data [31].

Operational data includes changes in the facilities status related to the conditions changes
of daily operation of the system. These data consist of the pump and valve control logic and
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Table 1: Operation data required by facility/equipment type.

Facility/equipment Operation data
Pump status (on/off);
Pumps Pump controlling tank, pressure, flow, or other;

Set points for pump control

Upstream/downstream pressure;

Pressure regulating Valve position and setting;

valves Valve controlling tank, pressure, flow, or other;

Set points for valve

Valve position;

Flow setting;

Valve controlling tank, pressure, flow, or other;

Set points for valve

Any pressure data collected at pressure-monitoring stations in
the distribution system

Any in-line flow data measured in the distribution system
(includes wholesale supply locations or zone boundary meters)

Flow control valves

Node pressure

Pipe flow

settings for pumps, control valves and reducing valves, as well as daily consumption patterns
(diurnal curves). Typical control data are listed in Table 1.

The WSS does not always work as it was designed. Therefore, during the calibration
process the cooperation with the operating staff makes it easier to understand the WSS
operational work and allows for a more accurate representation of it in the hydraulic model.
Operational data must contain dispatcher activities and permanent system behaviors collected
from the considered period. Consequently, monitoring systems (CIS - Customers Information
System, SCADA - Supervisory Control and Data Acquisition) are an important source of
operational data. The use of these systems makes it possible to determine the switching of
pumps or valves, e.g. due to the level of water in tanks. Many hydraulic modeling software
packages include a control scheme that maps the behavior of the SCADA system. This
function allows the valve to be automatically repositioned or the pump status in response to
changes in pressure, flow, water level in a given period of time at certain points in the model
[29]. However, monitoring systems the most important task is to provide water demand data.
Based on this data, the diurnal curves can be made. Water consumption patterns may vary
depending on the customer classes (residential, industrial, commercial) and season [32]-[34],
therefore, the use of data from monitoring systems allows the creation of real water
consumption patterns that can replace a typical literature curves.

3 RESEARCH OBJECT

The research object is the biggest collective Silesian Water Supply System in Poland, which
supplies water to over 3 million customers. It is located in the southern-west of Poland in
Silesian region. The area covered by the network is hilly with elevation differences equal to
120 m. The system is over 880 km long with pipes diameters from 50 mm to 1600 mm. Pipes
with diameters from 1100 mm to 1600 mm have the largest share, while pipes with diameter
below 300 mm have the smallest share (Fig. 1). Analysed distribution water pipe network is
made mainly of steel (70.6%), as well as polyethylene (PE, 11.7%), cast iron (4.4%) as well
as ductile cast-iron (3,7) and others (9.6%). The oldest pipes that build this system come from
1884 (cast iron), and the latest were built at 2016 (PE).
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Figure 1: Percentage of pipe diameter of the WSS.

Total average water production is about 330,000 cubic meter per day, which is only 35%
of designed WSS performance. Due to the closure of large factories and reduction of water
consumption by productions companies, the water production of this WSS has dropped in
last 10 years. The WSS is composed of 11 water treatment plants (WTP), 6 pumping stations
and 9 complexes of storage tanks with total capacity of over 374,000 cubic meters (Fig. 2).
Water treatment plants, which comprise eight technological lines from WTP_4 to WTP_11
(Fig. 3), produce only 20% of the daily water demand. However, the biggest daily share in
the water production has three water treatment plants WTP_1, WTP_2 and WTP_3, which
together deliver to the distribution system about 80% of the daily water demand. An
important role in the analyzed system is played by storage tanks WT 12 and WT 13, they
are supplied by WTP_1, WTP_2 and WTP_3, and transport water to the largest area, covering
the south-western and north-eastern part of the Silesian region.

The operation of the system is carried out in a continuous control and regulation of flow
and pressure. The dispatcher controls the pump and valve settings based on established rules
or experience. The daily tasks include maintaining appropriate tank fills and pressure. This
system works on various pressures during the day and at night. The main help in network
management is the telemetric system (SCADA), which includes all water treatment plants,
pumping stations, tanks as well as areas located between supplied facilities. The secondary
task is to prevent the lack of water in customers during water-pipe breakdowns, during such
events the dispatcher is most often guided by comments from the personnel dealing with
damage repair.

4 HYDRAULIC MODEL OF SILESIAN WSS
The hydraulic simulation model of the Silesian WSS build based on EPANET 2.0 was used
in the study. The model was developed within the framework of NCBiR project
POIG.01.03.01-14-034/12. The network graph was exported to calculation software from the
GIS database, while the water demand data was exported from the available billing databases
(CIS and SCADA). The described procedure is one of the ITC system options supporting the
creation of a hydraulic model.
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Figure 2: Scheme of the WSS.
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Figure 3: The daily water production in WTPs from no 4 to no 11 in 2016.
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Figure 4: The daily water production in WTP_1, WTP_2 and WTP_3 in 2016.

This mathematical model uses automatic generation of water consumption patterns
(diurnal curves) based on CIS system at points covered by this system and based on SCADA
system, e.g. from supply points like WTP or tanks, at point without informatics systems.
Model is built from 4618 pipes and 6105 nodes, 1609 valves, 90 pumps, 23 tanks and 28
reservoirs. Data for the hydraulic model were exported from databases for one month
(October 2016), while calibration and validation were carried out for three days of October
(17th, 18th and 19th October). For those days, a high correlation between simulation results
and measurements was obtained, 99.3% for pressures and 97.8% for flows. Unfortunately,
despite good simulation results, the total balance of sold and produced water is negative, at
around 41 000 cubic meters per day (Fig. 5). In this model, many solutions have been applied
that cause “rigid” operation of the system, resulting in the emptying of tanks. These solutions
include FCV or PRV valves. This result forces the model to be recalibrated with detailed
consideration of operational data.

5 MODEL RECALIBRATION AND RESULT DISCUSSION
The most important element to be obtained is the tanks cooperation with the network. In the
current model, the most important tanks (WT 12, WT 13, WT _17) do not reach the required
water level. Water balance for tanks is -1 656 m’/h, which confirms that the tanks are empty.
The first step in the recalibration of the model was an interview with the dispatcher and
employees of the company. As a result, important information about the work of the
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Figure 5: System flow balance for first calibration.
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mentioned tanks was obtained. The water supply to the mentioned tanks is regulated by
valves, in the case of tanks WT 12 and WT 13 it is a valve located in the area of WT _12.
For tanks WT 17, the regulation concerns the water level in tanks, for others it is the pressure
height on the valve. The controls procedures for the listed facilities are shown below:

RULE FOR WT_12 AND WT_13

RULE 59

IF NODE 12967 PRESSURE ABOVE 26.0
THEN VALVE 13406 SETTING 1S 4000
ELSE VALVE 13406 SETTING IS 180000
RULES FOR WT_17

RULE 26

IF TANK 13062 LEVEL >=6.21

THEN VALVE 21475 STATUS IS CLOSED
RULE 28

IF TANK 13062 LEVEL <=5.90

THEN VALVE 21475 SETTING 1S 5500

It was also important to regulate the outflow of water from WTP_1 and WTP_2, both
stations are regulated based on the filling of tanks in pumping stations PS_19 (WTP_2) and
PS 20 (WTP_1). In the original assumption, FCV type valves were introduced without flow
control, which resulted in constant water outflow during the day. In recalibration, these valves
have been replaced with TCV valves with appropriate setting and controls. The tested model
has 30 dedicated controls, Rule-Based type and one Simple Control. All controls have been
described based on interviews with company employees. The last step was to verify the
diurnal curves. Despite the automatic creation of water demand patterns, some areas were
covered by incorrect curves. The cause could be failure of measuring devices or errors in data
transfer. The curves were changed for three areas: supplied by PS 19, PS 20 and WT _17.
The newly created curves were created based on indications from the three-month monitoring
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system (September, October, November of 2016), in order to avoid errors related to failures
of measuring and transmission devices.

As a result, the changes have improved the dynamics of the model. Water balance for
tanks is -40 m’/h, while the entire system -2000 m3/day (Fig. 6). The correlation between
simulation and measurement results is 98.8% for pressures and 98.9% for flows. For the
obtained results (pressures and flow rates) the residual analysis was carried out using
Statistica 12 software (Figs 7 and 8). The analysis of the residuals distribution at the assumed
significance level for Kolmogorov-Smirnov test (a0 < 0.1) shows that the obtained results (for
both flow rates and pressure) have a normal distribution.

System Flow Balance
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Figure 6: System flow balance after recalibration.
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Figure 7: Residual analysis for the pressure correlation results.
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Normal distribution
Kolmogorov-Smirmov test 0.08016,
chi-squared test = 4.53795, df = 2 (fitting) , p = 0.10342
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Figure 8: Residual analysis for the flow correlation results.

6 CONCLUSION

Mathematical hydraulic models are a useful tool for conducting simulations and analyzes.
Their accuracy depends on the detail with which the model was created. Each model can be
built and calibrated using rigidly set valves and achieve high compliance. However, such
solutions do not provide a dynamic operation of the model, so an important part of building
a hydraulic model are operational data. For the analyzed Silesian Water Supply System, by
data changes, the model obtained a greater compatibility with the flows, as well as a huge
difference in the systems and tanks water balance. Such a model provides more accurate
analysis results and can be used primarily for analysis of chlorine distribution or THM
formation, as well as for mixing water in the system and in tanks.
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