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Abstract. In this paper a MATLAB-based Graphical User Interface is
designed for the sophisticated modeling and hydraulic and quality analysis
of water distribution networks. By the integration of various computational
modules the interface allows the construction of complex water networks
providing information about nodes, pipes, Hydraulic tanks and heads while
produce Static and Transient Hydraulic analyses as well as Multi-Species
Water Quality assessments. The framework utilizes mathematical
algorithms such as the Global Gradient Algorithm, the Method of lines for
pressure wave analysis etc. The results are compared with the respective
results of EPANET. The proposed tool serves as a bridge for theoretical —
practical validation and it is very helpful for monitoring and for developing
software-sensor-oriented capabilities for Water Distribution Networks.

1 Introduction

The modelling and analysis of Water Distribution Networks (WDNs) have attracted
considerable attention, as dynamically varying demands and the nature of water flow (fluid
mechanics and chemical kinetics) pose numerous difficulties. Furthermore, simulation,
monitoring, and intelligent operational environment facilitates the creation of a more
advanced system that can analyse and predict water behaviour [1]-[15].

The main objective of the present paper is the development of a MATLAB based
Graphical User Interface. The interface is a modular multi-functional environment designed
to allow the researchers to access solutions with nonlinear solver algorithms and to monitor
all the characteristic flow quantities within a Water Distribution Network. The framework
integrates static and dynamic computations of Head and flows in the network, dynamic
analysis of Chlorine, quality solution for Three - Component Model and provide the solution
of Transient flow in Closed pipes.

The detailed mathematical models for hydraulic flow and water quality in complex water
distribution networks (WDNs) are based on the fundamental principles of mass and energy
conservation, as well as on transport and reaction differential equations. Head losses due to
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the resistance of the water flow are derived using empirical or semi-empirical relations, such
as the Hazen—Williams and Darcy—Weisbach equations, which are widely used in water
supply network modeling. For the solution of static analysis (computation of flows and
piezometric heads), the Global Gradient Algorithm (GGA) is used [9], [1], [11]. GGA is a
specialized application of Newton-Raphson method for transforming the solution of non-
linear problems to the iterative solution of respective set of linear equations. For providing
results with respect to Water quality analysis the Lagrangian Transport algorithm is used
which tracks discrete parcel of water as the move through pipes. Furthermore, to solve
advection equations the Warming—Kutler—Lomax (WKL) Method is provided for better
results with respect to sharp concentration and to reduce numerical diffusion [14],[15].
Furthermore, for transient flow analysis the Method of Lines (MOL) is used for solving
partial differential equations [16]-[18].

2 Software Architecture and Design

2.1 GUI Structure and Panel Management

The interface (see Fig. 1) is based on modular architecture so the user can easily modify the
structure of the network and analyze crucial hydraulic parameters. The first module is the
Tank Data Module where in hydraulic boundary conditions are specified (reservoir total
head: Hiqp. Initial chemical concentrations for Free Chlorine and Ammonia, etc.). The
second module refers to the Nodes Management Module where in the user can define
network topology using Cartesian node coordinates, consumption demands on each node of
the network. A graphical representation of the network is also provided. The third module
involves Pipe Properties Module. In this module Pipe Properties are specified, such as
pipe connectivity, lengths, diameters, roughness coefficients, and hydraulic friction
parameters. The fourth module is the Consumption Pattern Module where in the Time
dependent demand can be defined.

- o x
Hydraulic Network Data Entry RC'L

Fig. 1. Modeling and Analysis Graphical User Interface

2.2 Data Management and Network Visualization

The backend architecture utilizes MATLAB’s .mat data structure for persistent storage of
network topology, hydraulic states, quality variables, Jacobian matrices, and state-space
models. This capability is particularly important for control-oriented applications where
linearized system representations are required for control, observer design, sensitivity
analysis, and software sensor implementation [19]-[23]. The visualization subsystem
employs MATLAB’s plotting engine to generate real-time graphical representations of the
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WDN topology. Junction nodes are displayed as graphical markers, while pipes are rendered
according to their spatial coordinates, providing intuitive visualization of the network
structure and hydraulic connectivity.

3 Integrated Analytical Modules

3.1 Steady-State Hydraulic Solver

Hydraulic equilibrium is computed using the Global Gradient Algorithm (GGA), which
solves the coupled nonlinear system of continuity and energy equations governing the
network. The nodal continuity equation is expressed as [11], [12],

2 perySpiQ +Di =0 (1)

where Q, is the flow in link p, D; is the net demand (or injection) at node i, s,; is the sign
coefficient, taking values +1for inflow and —1for outflow. The index p € I(i) means that
the sum is taken over all links connected to node i.

The hydraulic head loss H;due to friction along pipes is described using empirical or
semi-empirical relations. The most widely used are [11], [12]:
Hazen—Williams Equation

— 85
H = 10.67WQ18 2 (2)
Darcy—Weisbach Equation
L v?
H,=f D2g (3)

where L is the pipe length, D is the pipe diameter, C is the roughness coefficient (Hazen—
Williams), f is the Darcy friction factor, v is the mean flow velocity, g is the acceleration
due to gravity. The conservation of energy (head loss) in network elements is expressed by
the following equation [4], [11]:

H; — H; = H,(Q) “4)
where H; and H; are the hydraulic heads at the upstream and downstream nodes of the
element (pipe or pump), and H; (Q)is the head loss as a function of the flow rate Q.

The solution of the nonlinear hydraulic equations is carried out using the Global Gradient
Algorithm (GGA), which is a specialized implementation of the Newton—Raphson method.
The algorithm transforms the problem into an iterative system of linear equations, where the
unknowns are the pipe flow rates (Q) and the hydraulic heads at the nodes (H) [4], [13].

3.2 Multi-Species Water Quality Dynamics

The water quality module incorporates an Advection—Dispersion—Reaction (ADR)
framework for modeling chemical transport and transformation processes within the network.
The proposed model simulates chloramination reactions among Free Chlorine (Cl,),
Ammonia (NH3), and Tracer (T). The principal reaction mechanism is defined Cl, + NH;
—T. The corresponding reaction rate follows second-order kinetics 1 =
k.[Cl,]1[NH3] where the formation coefficient k, is prescribed as k; = 0.05 L/(mg - s). A
Lagrangian transport algorithm is implemented to track discrete water parcels through the
network, ensuring accurate mass conservation while accounting for simultaneous hydraulic
transport and chemical transformation.



MATEC Web of Conferences 421, 02002 (2026) https://doi.org/10.1051/matecconf/202642102002
MoCWS 2026

3.3 Transient Hydraulic Analysis

The following assumptions will be used to determine the mathematical model describing
the volumetric flow rate and the piezometric head along a closed conduit. For a pipe, denoted
by i, in a network consisting of n.pipes (i.e., i = 1,...,n.), the flow is described by the
following equations (see [1], [2]):

0H;(z;,t) = b? 0Qi(z;,t) _ 0

ot 9gA; 6ZL' (5)
00Q:(z;, t) 0H;(z;,t) f(Q; D;, &) B
ot g4 0z 2D, A, Qi(z;,t) 1 Qi(z;,©) 1= 0 (6)

where z; is the spatial coordinate along pipe i, t is the time variable, Q; is the volumetric flow
rate at position z; of pipe i at time t, H; is the piezometric head at position z;of pipe iat time
t, g is the magnitude of the gravitational acceleration vector, 4; is the cross-sectional area of
pipe i, b is the wave propagation speed within the network pipes, D;is the internal diameter
of pipe i, f is an appropriate function defining the friction coefficient within the pipe, and
g; is the pipe roughness. Transient hydraulic behaviour is simulated using the Method of
Lines (MOL), which transforms the governing hyperbolic partial differential equations into
a system of ordinary differential equations through spatial discretization. The computational
domain is discretized into N, spatial elements, and the resulting ODE system is integrated
using MATLAB stiff solvers such as odelSs, and implicit integration methods. For low-
intensity hydraulic transients, the RCCL WATER MODELING AND ANALYSIS platform
additionally incorporates Rigid Water Column (RWC) theory as a computationally efficient
alternative. The transient analysis module enables pressure wave simulation, water hammer
analysis, transient fault studies, and dynamic pressure monitoring.

4 Application and Case Study

4.1 Network Configuration

The RCCL WATER MODELING AND ANALYSIS platform was validated using a
benchmark five-node water distribution network identified as “Example A.” The system
consists of one reservoir node, one central junction, and three terminal demand nodes.

Properties.
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Fig. 2. Schematic topology of a small water network

The network characteristics are summarized below.

P12 Nodel Node 2 2000 280 100 0.50
P23 Node 2 Node 3 3 120 100 0.05
P24  Node 2 Node 4 7 120 100 0.01
P25  Node 2 Node 5 20 120 100 0.05
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The actual demand at each node i varies over time according to the consumption pattern (Fig.
3), following the relation:

Qi(t) = QbaseM(t)

where M (t) is the multiplier coefficient of the consumption pattern. Indicatively, for different
time intervals the following demand values arise (see Fig, 3). Satic and transient results are
shown in Fig. 4, and Fig. 5, while the respective heat map is presented in Fig. 6.

Consumption Pattern Walipiers

Fig. 3. Consumption Pattern Multiplier
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Fig. 6. Heat map for Pipe P23 and P25
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5 Validation Against EPANET

The RCCL WATER MODELING AND ANALYSIS GUI generated high-resolution
simulations of nodal piezometric heads, volumetric pipe flows, and chemical concentration
profiles. Validation was conducted through direct comparison with EPANET 2.2 simulation
results (see Fig. 7). Hydraulic variables, including flows Q,,, @3, and the piezometric head
at Node 2, demonstrated excellent numerical agreement. The comparison confirmed that the
implemented GGA hydraulic solver and Lagrangian transport algorithms accurately
reproduce the nonlinear hydraulic and quality behaviour of the network under dynamically
varying demand conditions.
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Fig. 7. Comparison results for static analysis

6 Conclusion

The RCCL WATER MODELING AND ANALYSIS GUI constitutes a comprehensive
computational environment for integrated hydraulic and water quality analysis in Water
Distribution Networks. By combining nonlinear hydraulic solvers, multi-species reactive
transport modeling, and transient flow analysis within a unified MATLAB framework, the
platform bridges the gap between theoretical research and practical infrastructure
management.

A major contribution of this work is the incorporation of software-sensor-oriented
modeling capabilities through direct access to linearized state-space models, Jacobian
matrices, and transient system dynamics. These capabilities support advanced ap

plications in leak detection, state estimation, observer design, and intelligent network
monitoring.

Validation against EPANET demonstrates the reliability and computational accuracy of
the proposed environment, confirming its suitability for both academic research and
operational optimization of modern cyber-physical water systems.

Future work will focus on pressure-driven demand analysis, large-scale municipal network
applications, real-time SCADA integration, and digital twin implementation for smart water
infrastructure.

References

1. R. Abhijjith and A. Ostfeld, “Water Quality Modeling and Optimization in Water
Distribution Systems: A Review,” Water Research, 2022.

2. P. L. Iglesias-Rey et al., “Review of Hydraulic and Water Quality Modeling in Water
Distribution Networks,” Urban Water Journal, 2017.



MATEC Web of Conferences 421, 02002 (2026) https://doi.org/10.1051/matecconf/202642102002
MoCWS 2026

3. L. A. Rossman, EPANET 2 Users Manual. Cincinnati, OH, USA: U.S. Environmental
Protection Agency, 2000.

4. L. A. Rossman et al., “EPANET 2.2 Developments in Water Distribution System
Modeling,” Environmental Modelling & Software, 2020.

5. E. Todini and S. Pilati, “A Gradient Method for the Analysis of Pipe Networks,” in
Computer Applications in Water Supply, B. Coulbeck and C. H. Orr, Eds. London, U.K.:
Research Studies Press, 1988, pp. 1-20.

6. E.Delgado-Aguifiaga et al., “Comparison of EPANET-MSX and WKL Models for Multi-
Species Water Quality Simulation,” AQUA, 2020.

7. 1. Fisher, “Multi-Species Reaction Modeling in Drinking Water Distribution Systems
Using EPANET-MSX,” Water Research, 2023.

8. F. Shang et al., EPANET-MSX 2.0 User Manual. Cincinnati, OH, USA: U.S.
Environmental Protection Agency, 2023.

9. M. Piazza et al., “Dispersion Processes in Water Distribution Networks: Modeling and
Analysis,” Water, 2022.

10. U. Y. Shamir and C. D. Howard, “Water Distribution Systems Analysis,” Journal of the
Hydraulics Division, vol. 94, no. HY 1, pp. 219-234, 1968.

11. P. Kumar, R. Narayanan, and M. Kumar, “Analysis of pipe characteristics and hydraulic
behavior in water distribution networks,” Procedia Eng., vol. 119, pp. 1096-1103, 2015.

12. D. Mehta, A. Gupta, and M. Tiwari, “Evaluation of head loss formulas in water
distribution system design,” Journal of Water Resources Planning and Management, vol.
141, no. 10, Art. no. 04015023, 2015.

13. M. Ehsani, EPANET-MATLAB Toolkit [Computer software]. Natick, MA, USA:
MathWorks File Exchange.

14. J. A. Delgado-Aguifiaga, G. Besangon, O. Begovich, and J. E. Carvajal, “Multi-leak
diagnosis in pipelines based on extended Kalman filter,” Control Engineering Practice,
vol. 49, pp. 139-148, 2016.

15. J. A. Roberson, J. J. Cassidy, and M. H. Chaudhry, Hydraulic Engineering, 2nd ed. New
York, NY, USA: Wiley, 1998.

16. M. B. Carver, “Pseudo-characteristic method of lines solution of first-order hyperbolic
equation systems,” Mathematics and Computers in Simulation, vol. 22, no. 1, pp 30, 1980.

17. P. W. C. Northrop, P. A. Ramachandran, W. E. Schiesser, and V. R. Subramanian, “A
robust false transient method of lines for elliptic partial differential equations,” Chemical
Engineering Science, vol. 90, pp. 32-39, 2013.

18. O. Oymak and N. Selcuk, “Method-of-lines solution of time-dependent two-dimensional
Navier-Stokes equations,” International Journal for Numerical Methods in Fluids, vol.
23, no. 5, pp. 455-466, 1996.

19. M. G. Skarpetis, F. N. Koumboulis, and A. S. Ntellis, “Robust control algorithms for a
hydraulic actuator with variable displacement vane pump,” in Proc. IEEE 17th Int. Conf.
Emerging Technologies & Factory Automation (ETFA), Krakow, Poland, 2012, pp. 1-7.

20. M. G. Skarpetis, F. N. Koumboulis, and M. Tsoukalas, “Robust Control of Axial Piston
Pumps Using Particle Swarm Optimization,” in Proc. IEEE 29th Int. Conf. Intelligent
Engineering Systems (INES), Palermo, Italy, 2025, pp. 159-164.

21. M. G. Skarpetis, F. N. Koumboulis, and A. S. Ntellis, “Robust Arbitrary Reference
Command Tracking with Application to Hydraulic Actuators,” in Proc. 9th Int. Conf.
Informatics in Control, Automation and Robotics, Rome, Italy, 2012, pp. 94—102.

22. A. N. Menexis, D. G. Fragkoulis, F. N. Koumboulis, and M. G. Skarpetis, “A FIWARE
based Input-Output Supervisor Control Implementation,” in Proc. IEEE 29th Int. Conf.
Emerging Technologies and Factory Automation (ETFA), Padova, Italy, 2024, pp. 1-4.

23. M. G. Skarpetis, Automatic Control of Hydraulic Systems. Hauppauge, NY, USA: Nova
Science Publishers, 2023.



