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▪ Understand the mathematical foundations of network modeling with 
Hardy Cross and the Newton–Raphson methods.

▪ Practice solving a small network problem with Excel.

▪ Learn how to implement and simulate networks using EPANET.

▪ Analyze and interpret the results of more complex hydraulic systems.
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▪ Theory

• Simple system definition

• Hardy-Cross review + example

• Newton-Raphson + example

▪ Application

• EPANET 

• DIY: A slightly more challenging exercise

Coffee Break 
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▪ We start by defining a simple pipe system.

Simple Example

𝐷1

𝐷3
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Simple Example 𝐷1

𝐷3

▪ Continuity at nodes

▪ Energy conservation in pipes
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𝐷1

𝐷3
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Hardy Cross – Step-by-Step 

1. Initialization: satisfy continuity at junctions, 
assign signs (  ) based on loop orientation

2. Head losses and loop sum:

3. Flow correction:

4. Update flows:

5. Repeat from step 2 until convergence 
( and are small enough).

Algorithm
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Hardy Cross – Step-by-Step example



1. Initialization: satisfy continuity at junctions, assign signs (  ) based on 
loop orientation

1.1 Loop and signs:

• Loop I:

• Loop II:

1.2 Initial flows:
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Hardy Cross – Step-by-Step example

0.100

0.1000.400

0.400
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Hardy Cross – Step-by-Step example

1. Initialization: satisfy continuity at junctions, assign signs (  ) based on 
loop orientation

2. Head losses:

Where:

Darcy-Weisbach:

Hazen-Williams:

Using Darcy-Weisbach:

𝑓 is constant for this example!
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Hardy Cross – Step-by-Step example

1. Initialization: satisfy continuity at junctions, assign signs (  ) based on 
loop orientation

2. Head losses.

3. Flow correction:
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Hardy Cross – Step-by-Step example

1. Initialization: satisfy continuity at junctions, assign signs (  ) based on 
loop orientation

2. Head losses.

3. Flow correction.

4. Flow update:

Let’s iterate it in Excel!
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Hardy Cross – Step-by-Step example

▪ Iterations
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Hardy Cross 

▪ Hardy Cross is fine for small networks, but not ideal for larger ones.
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Newton-Raphson Method

▪ An alternative to Hardy Cross

▪ Same two conservation principles:

• Mass conservation at nodes

• Energy conservation in loops

▪ Iterative technique that solves all 
equations at once.

▪ We take the vector of discharges as 
unknown
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Newton-Raphson Method

▪ We take the vector of discharges as 
unknown

▪ We define 𝑭(𝑸) as the vector of 
residuals representing the imbalance 
between the current flow distribution 
and the exact satisfaction of the 
network’s governing equations.

▪ We do it for mass and energy

▪ We look 𝑸∗ such that 𝑭 𝑸∗ = 0

𝑄1

𝑄2

𝑄3

𝑭𝒏𝒐𝒅𝒆 𝑸 = 𝑸𝟏 + 𝑸𝟐 − 𝑸𝟑

If 𝐅𝐧𝐨𝐝𝐞 𝐐 = 𝟎 → the node is balanced
If 𝐅𝐧𝐨𝐝𝐞(𝐐) ≠  0 → there’s an imbalance
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Newton-Raphson

▪ At iteration 𝑘 we expand 𝐹 around 𝑄(𝑘)

•

▪ Imposing                          it gives the 
Newton system:

where
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Newton-Raphson – Step-by-Step example

1.1 Residual equations:

1.2 Initial flows:

2. Residual vector:

continuity energy

0.100

0.100
0.400

0.400
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Newton-Raphson – Step-by-Step example

3. Jacobian:

4. Flow correction: 
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Newton-Raphson – Step-by-Step example

5. Flow update:



Coffee Break 
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▪ Software used to study hydraulic and water quality behavior in water 
networks.

▪ EPANET computes:

• Flows

• Pressures

• Concentrations

• Water height in tanks
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▪ There are several websites where the program and its manuals are 
freely available. On Moodle, an .exe file has been uploaded for 
installation, which was downloaded from https://www.epa.gov/water-
research/epanet.

▪ The installation process is the same as for any conventional program: 
run the .exe file and accept the necessary permissions.

▪ If you don't have Windows, you can use the EPFL VDI platform
(vdi.epfl.ch) to run it in your laptop's browser. It is available in “ENAC-
SGC”

https://www.epa.gov/water-research/epanet
https://www.epa.gov/water-research/epanet
https://www.epa.gov/water-research/epanet
https://www.epa.gov/water-research/epanet
https://www.epa.gov/water-research/epanet
https://www.epa.gov/water-research/epanet
vdi.epfl.ch
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▪ Difference between “tank” and “reservoir”:

▪ The former is considered as a limited storage volume, which can vary 
over time.

▪ The “reservoir” represents an infinite external source or a sink of the 
system; in reality, it represents a river, dam, underground aquifer, or 
connection to another system.

Component Pipe Junction Pump Valve Tank Reservoir

Icon
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Método Hazen-Williams Darcy-Weisbach Chezy-Manning

Valores de 

coeficientes 852.1

727.4 871.4852.1

=

= −−

B

LdCA

2

0252.0 5

=

= −

B

LfdA

2

66.4 33.52

=

= −

B

LdnA

; 𝑓(𝜖, 𝑑, 𝑞)

ℎ𝐿 = 𝐴 ⋅ 𝑄𝐵
▪ General model:

Material
Hazen-Williams 𝐶
(unitless)

Darcy-Weisbach 𝜖
(ft x 10−3)

Manning’s 𝑛
(unitless)

Cast Iron 130 – 140 0.85 0.012 – 0.015

Concrete or Concrete 

Lined
120 – 140 1.0 – 10 0.012 – 0.017

Galvanized Iron 120 0.5 0.015 – 0.017

Plastic 140 – 150 0.005 0.011 – 0.015

Steel 140 – 150 0.15 0.015 – 0.017

Vitrified Clay 110 0.013 – 0.015
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ℎ𝐿 = 𝑘
𝑉2

2𝑔

▪ General model:

FITTING LOSS COEFFICIENT

Globe valve, fully open 10.0

Angle valve, fully open 5.0

Swing check valve, fully open 2.5

Gate valve, fully open 0.2

Short-radius elbow 0.9

Medium-radius elbow 0.8

Long-radius elbow 0.6

45 degree elbow 0.4

Closed return bend 2.2

Standard tee - flow through run 0.6

Standard tee - flow through branch 1.8

Square entrance 0.5

Exit 1.0

Default value
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▪ We will build a small network with 
the most typical components: 

• Nodes (6), 

• Pipes (8), 

• Reservoir (1), 

• Pump (1), 

• Tank (1).
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▪ But first, we setup the default values (project/default)

Element names System of UnitsProperties
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▪ Then the visualization options (view/options)

Nodes Links



EPANET – Example
C

IV
IL

-3
1

2

29

▪ Then the visualization options (view/options)

Element names Flow direction

Arrow size should be increased
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▪ We draw the system in the following order:

Reservoirs & 
Tanks

Nodes
Valves & 
pumps

Links



EPANET – Example
C

IV
IL

-3
1

2

31

▪ We edit the properties of the elements 

Node
Elevation

(m)
Demand

(L/s)

1 210 0

2 215 10

3 210 10

4 200 15

5 210 10

6 210 0

Link Length (m) Diameter (mm) Roughness (mm)

1 1000 350 0.01

2 1500 200 0.01

3 1500 200 0.01

4 2000 200 0.01

5 1500 200 0.01

6 1500 200 0.01

7 1500 300 0.01

8 2000 200 0.01

If the values are not assigned, the property is immediately set with the 
default values.

Important: 

𝐷𝑊 → 0.01
𝐻𝑊 → 120
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Reservoir

Total head (m) 210

Tank

Elevation (m) 250

Initial level (m) 1

Min. level (m) 0

Max. level (m) 6

Diameter (m) 20

Pump

Curve’s name Test

Add curve

Type of curve Pump

Flow (lps) 42

Head (m) 45

If the values are not assigned, the property is immediately set with the 
default values.

Important: 

▪ We edit the properties of the elements 
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▪ We run the problem and get the results.

Network Table:
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▪ We run the problem and get the results.

Network visualization:



EPANET – Exercise
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▪ The small town of Villars-le-Terroir had needed a 
water supply system for some time. Traditionally, 
water was transported by donkey from a stream 6 
km away, but funds are now available to use a 
spring on the hill at an elevation of 36 m. The flow 
is estimated at 3 l/s.

▪ A system is planned to supply 6 public fountains, 
all of them at an elevation of 17 m, except for 
fountain 6 (22 m) and fountain 1 (25 m), 
according to the sketch.

▪ Find the minimum diameter that minimum that 
maintains the pressure in all the points above 10 
meters. The list of available diameters is the 
following:

ND: nominal diameter

ID:   internal diameter We use the internal in EPANET
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EPANET – Curves
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▪ Characteristic Curve

▪ Efficiency Curve

Select the curve type depending on the case
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