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(quantity and geographic distribution). The strategy to overcome this problem is to consider the 
minimum flow conditions, which usually occur during the night period. For low flows, the 
piezometric surface is quite flat with small head losses in most pipes, because the network was 
designed to face the maximum demand expected to occur at the end of the system useful life time. 

Besides, the minimum flow analysis also benefits from the pressure-leakage relationship because 
the leakage flow increases with the pressure. Indeed, theoretically the orifice law should be used to 
calculate the leakage flow, which states that it is proportional to the square root of the pressure. 
However, in practice, this relationship tends to be close to linear.  

There are many possible locations for the sensors placement in the network. Each location will 
register different pressure data and the good location of sensors will identify the hydraulic 
behaviour that explains observations with accuracy. 

When dealing with leak location, as Vítkovsky et al. (2003) concluded, “more measurement sites 
lead to a better solution”. However, as the number of measurement sites increases the costs with 
more sensors and gathering more data also increase but the incremental improvement in the solution 
rapidly falls. There must be a trade-off between the number of measurement sites and the expected 
accuracy. 

2.1 Methodology description 

This paper presents a computational application that incorporates demands and leaks in the 
mathematical modelling of the water distribution network hydraulic behaviour. The proposed 
methodology considers knowing the correct location of the demands and its value (one loading 
condition for the steady-state hydraulic model). The total leaks value is also known but the number 
of leaks, their locations and flows are unknown. To locate the leaks in the network, the 
methodology uses an optimization model that seeks to minimize the absolute deviation between the 
measured pressures and the estimated values obtained with the hydraulic model, equation (1), over 
the set of pressure measurement sites (nodes with pressure sensors - Figure 2). The configuration of 
sensors placement used is the one that produced better results with ten sensors. For the water 
distribution network modelling, leaks are associated with pipes and each leaky pipe has the value of 
its leak equally transferred to its end nodes. 

2.2 Optimization model 

The objective function used in the optimization model of this computer application is represented 
by the equation (1): 

ሻݔሺܨ ݊݅ܯ ൌ ∑ ݊݅ܯ ฬቀ௣
ఊ
ቁ
௜

௠௘௔௦௨௥௘ௗ
െ ቀ௣

ఊ
ቁ
௜

௘௦௧௜௠௔௧௘ௗ
ฬே

௜ୀଵ  (1) 

where: ቀ௣
ఊ
ቁ
௜

௠௘௔௦௨௥௘ௗ
 – pressure measured at node i (m); 

ቀ௣
ఊ
ቁ
௜

௘௦௧௜௠௔௧௘ௗ
 – pressure estimated at node i (m); 

N  – number of nodes with pressure sensors. 
 
The pressures estimated for the monitored nodes are calculated by a hydraulic simulator 

developed by Sousa (2006). This hydraulic simulator verifies the hydraulic constraints and 
estimates the hydraulic behaviour of the water distribution network based on the nodes equations 
and applies the Newton-Raphson method with optimized step control to solve the system of 
nonlinear equations. The final value of pressure calculated by the hydraulic simulator guarantees a 
maximum of 1 cm error. The sensors measurements of pressure assume three digits for accuracy. 

The head losses in the pipes were obtained using the Hazen-Williams equation (2): 
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where: ∆H୧୨  – head loss in the pipe between nodes i and j (m); 
L୧୨  – length of the pipe between nodes i and j (m); 
Q୧୨  – flow in the pipe between nodes i and j (m3/s); 
D୧୨  – diameter of the pipe between nodes i and j (m);  
CHW౟ౠ – Hazen-Williams roughness coefficient, depending on the pipe material between 

nodes i and j. 
 
The optimization model deals with the nonlinear relationship between head loss and flow in a 

non-convex space and has continuous variables (flows from leaks). The solution of this 
optimization model is obtained through a simulated annealing algorithm. 

2.3 Simulated annealing algorithm 

The simulated annealing algorithm was inspired in a thermodynamical process (heat treatment of 
material with the goal of altering its properties), aiming to obtain low energy states of a solid in a 
heat bath (heat bath temperature increases to a value at which the solid melts, followed by a slow 
temperature decrease of the heat bath until the particles arrange themselves in the ground state of 
the solid) (Kirkpatrick et al. 1983). 

The optimization model starts the search with an initial solution that corresponds to splitting the 
total leaks in 15 portions. This initial solution (x0) is obtained by assigning each isolated portion to 
one pipe which minimises equation (1). In the neighbourhood of the initial solution, a new 
candidate solution is selected (xcandidate). The hydraulic behaviour of the candidate solution is 
evaluated and the objective function is calculated. If the evaluation of the candidate solution 
F(xcandidate) is better than the evaluation of the current solution F(xcurrent), the candidate solution 
becomes the current solution. Else, the candidate solution can be accepted as the next current 
solution with a probability that depends on the merit of both solutions and the temperature. 
Systematizing, the execution of a simulated annealing algorithm includes the following steps (see 
Table 1): 

 Step 1: Choose the initial solution (x0) and the initial temperature (Tqt_initial) and fix the 
initial number of solutions to be generated; 

 Step 2: Generate a candidate solution accessible from the current solution (xcandidate); 
 Step 3: Evaluate the candidate solution: first the hydraulic behaviour is checked and after the 

solution is evaluated with the objective function (1); 
 Step 4: Accept or reject the candidate solution against the currently accepted one at that 

temperature. If the candidate solution is accepted by the Metropolis criterion (3), it becomes 
the next current solution of the search, otherwise the current solution is kept and another 
candidate solution is generated; 

݉݋݀݊ܽݎ ݎܾ݁݉ݑ݊ ൏ ሺെ ݌ݔ݁ ிሺ௫೎ೠೝೝ೐೙೟ሻିிሺ௫೎ೌ೙೏೔೏ೌ೟೐ሻ
்௤௧೔

ሻ   (3) 

 Step 5: Increment counters by one, update memory and variables. If the iteration counter 
value does not exceed the fixed number of solutions to be generated at each temperature, go 
to step 2. 

 Step 6: The cooling schedule defines how the temperature should decrease (Tqti+1) and the 
number of solutions to be generated at the new temperature as a function of the percentage of 
accepted solutions (Pa) at the previous temperature (Tqti); 

 Step 7: If stopping criteria is not achieved, return to step 2. 
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Each candidate solution is generated by making random perturbations in the current solution. 
Two processes were used to create candidate solutions: 1) transfer the leak from a leaky pipe to one 
of its adjacent pipes; 2) choose a pipe and concentrate in it the leaks from all its adjacent pipes. 

 

Table 1. Resume for simulated annealing implementation. 

Criterion Chosen option  
Initial solution (x0) The total leak is split and each part is assigned to a selected pipe 
Initial temperature 
(Tqt_initial) Tqt_initial=-0.1*(F(x0))/(Log(0.5))  

Cooling schedule  

If Pa>80%               Tqti+1=0.60*Tqti 
If Pa>50%               Tqti+1=0.75*Tqti 
If Pa>20%               Tqti+1=0.90*Tqti  
If Pa<=20%             Tqti+1=0.95*Tqti  

IAi+1=40 
IAi+1=60 
IAi+1=80 

IAi+1=100 
Number of 
evaluations at each 
temperature Tqti 

IAi*Number of network pipes 

Stopping criteria Pa<5% and 2 temperatures without solution improvement 

3. CASE STUDY 

The gravity fed water distribution network used in this study has 101 nodes and 111 pipes, 
organized in 11 loops and has only one reservoir. The network characteristics, its design and 
demands were created by WaterNetGen (Muranho et al. 2012). The network details and description 
are in Annex (Tables A1 and A2) and the Hazen-Williams coefficient is 140. 

The minimum night demand for this network is 2.315 L/s (corresponding to the consumption). 
To identify the nodes with maximum pressure fluctuation, the daily peak demand with a flow ten 
times greater than the night flow (23.148 L/s) was also analysed. For each node, the maximum and 
minimum pressure, the pressure fluctuation (absolute difference) and its relative difference (%) was 
calculated. 

 

Figure 1. Water distribution network with five different situations. 

This case study was submitted to five different situations based on typical leaks location 
conditions, Figure 1 (the numbers inside the symbols identify the leaky pipes). Each situation was 

First situation 
Second situation 
Third situation 
Fourth situation 

Fifth situation 
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conceived to test the computer application performance in specific situations like leaks in branched 
pipes (first situation), in adjacent pipes (second situation), in pipes spread through the network in 
one large loop (third situation) or in different loops (fourth situation) or in peripheral loops pipes 
(fifth situation). The situations descriptions are presented in Tables 2 to 6. For all situations there 
are five leaky pipes with a flow in the range of 0.1 L/s to 5.0 L/s. 

The low demand condition produces low flow velocity in pipes as well as low head losses caused 
by pipe roughness. So, for each situation two leakage scenarios were considered: 1.50 L/s (scenario 
1) and 15.0 L/s (scenario 2). Scenario 1, with 1.50 L/s leakage flow, was considered to evaluate the 
model behaviour in a tricky situation when the leakage value is lower than the network demand and 
both can be confused due to the demand uncertainty.  

As this case study is a hypothetical water distribution network without functional or location 
restrictions for placing sensors, they were placed in the nodes with maximum relative pressure 
fluctuation along the day (pressure difference between the peak daily demand and the night demand 
divided by the maximum pressure). All nodes (i.e. candidates for sensor placement) were ranked in 
descendent order. Once one node is selected to place a sensor, its adjacent nodes (and their adjacent 
nodes) were excluded from the set of nodes for additional sensor placement. This guarantees a 
minimum influence area for each sensor placed, looking for a better coverage of the entire network 
and collecting more independent data. The final locations of sensors are presented in Figure 2.  

At first, the methodology identifies the most promising region of the water distribution network 
considering the minimum night flow in each leakage scenario. To confirm the leaks locations the 
network hydraulic behaviour was evaluated including a fire flow scenario (simulating the opening 
of a fire hydrant during the night – delivering a fire flow of 15.0 L/s). As expected, all leakage 
scenarios and situations considered here profited from the inclusion of the fire flow scenario due to 
the significant increase of the total demand (and head loss). 

An alternative to fire flow tests (which might be impossible to execute in some situations) are 
flushing tests. These tests involve less flow, have less impact on the distribution network behaviour 
but can be done in more places along the network (they are not constrained by the existence of 
hydrants), as for example in end nodes of pipes with the minimum legal diameter. 

The computer application was executed in a Workstation Intel® Xeon® CPU E5-2620 0 @ 
2.00GHz. For all the case studies 50 different sets of random numbers were used. 

 
Table 2. Leaky pipes list according to the scenario 

analysed in the first situation. 

Pipe Scenario 1 
Total Leaks =1.5 L/s 

Scenario 2 
Total Leaks =15.0 L/s 

5 0.5 L/s 5.0 L/s 
25 0.3 L/s 3.0 L/s 
35 0.4 L/s 4.0 L/s 
37 0.2 L/s 2.0 L/s 
82 0.1 L/s 1.0 L/s 

 

Table 3. Leaky pipes list according to the scenario 
analysed in the second situation. 

Pipe Scenario 1 
Total leaks =1.5 L/s 

Scenario 2 
Total leaks =15.0 L/s 

54 0.1 L/s 1.0 L/s 
55 0.2 L/s 2.0 L/s 
57 0.5 L/s 5.0 L/s 
74 0.3 L/s 3.0 L/s 
86 0.4 L/s 4.0 L/s 

 
 

Table 4. Leaky pipes list according to the scenario 
analysed in the third situation. 

Pipe Scenario 1 
Total Leaks =1.5 L/s 

Scenario 2 
Total Leaks =15.0 L/s 

39 0.1 L/s 1.0 L/s 
41 0.2 L/s 2.0 L/s 
44 0.4 L/s 4.0 L/s 
69 0.5 L/s 5.0 L/s 
98 0.3 L/s 3.0 L/s 

 

Table 5. Leaky pipes list according to the scenario 
analysed in the fourth situation. 

Pipe Scenario 1 
Total leaks =1.5 L/s 

Scenario 2 
Total leaks =15.0 L/s 

10 0.1 L/s 1.0 L/s 
30 0.2 L/s 2.0 L/s 
55 0.3 L/s 3.0 L/s 
75 0.4 L/s 4.0 L/s 
95 0.5 L/s 5.0 L/s 
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Table 6. Leaky pipes list according to the scenario analysed in the fifth situation. 

Pipe Scenario 1 
Total leaks =1.5 L/s 

Scenario 2 
Total leaks =15.0 L/s 

28 0.1 L/s 1.0 L/s 
44 0.2 L/s 2.0 L/s 
92 0.4 L/s 4.0 L/s 
96 0.5 L/s 5.0 L/s 
99 0.3 L/s 3.0 L/s 

 
As all peripheral pipes have the minimum inner diameter (81 mm), it was not possible to execute 

fire flow tests with 15.0 L/s at the end nodes of branched pipes.  

 

Figure 2. Water distribution network with sensors placement, fire flow nodes and flushing flow node. 

4. RESULTS 

In a previous paper (Ribeiro et al. 2012), the methodology presented here was able to correctly 
identify leaky pipes using twenty sensors placed at the end of each branched pipe and assuming 
more accuracy in sensors measurements and hydraulic simulator results.  

Now the goal is to demonstrate the possibility of identifying the same leaks but using only ten 
sensors placed in specific locations (Figure 2) and using fire flow tests (15.0 L/s flows at the end 
nodes of pipes with internal diameter greater than 81 mm when all adjacent pipes had this diameter) 
or a unique flushing test (5.0 or 7.5 L/s flows at the end node of one smaller branched pipe).  

It was assumed that the nodes pressure drop does not affect the leakage flow.  
Table 7 presents the results obtained in five different situations with two possible scenarios for 

each of them. For each analysis, the methodology aims to identify the leaky pipes. For each leaky 
pipe in each situation (first number) the numbers inside the round brackets indicates the number of 
correct identifications in the set of 50 runs.  

The first row was obtained considering only the night flow demand. The identification of leaky 
pipes in scenario 2 is better than in scenario 1, which is an expected conclusion because the leak 
flow is bigger. Three situations were then solved (situations 1, 3 and 5 for scenario 2): leaks in 
branched pipes, leaks spread through one large loop and leaks spread in peripheral loops pipes of 
the water distribution network. The other two situations are more difficult to analyse: situation 2 

Sensor placement 

Fire flow node 

Flushing flow node 
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describes a set of leaky adjacent pipes in a loop and situation 4 describes leaks spread through 
different loops. 

Based on the last evidence, the impact of an incremental demand caused by the fire flow was 
analysed. To assess the benefit from sudden flow increase, some independent hydrant openings 
were considered (15.0 L/s) and the correspondent flow and pressure data were introduced in the 
model. In Figure 2 the eight hydrants used to execute the eight fire flow tests are represented with a 
cross. After adding the fire flows to the network demand in the most remote nodes which may have 
a hydrant with capacity to deliver 15.0 L/s, the results obtained improved and the final solutions 
become more accurate in terms of leaks location. The majority of situations within scenario 2 had 
better results than in scenario 1 based on the night demand and also with the addition of fire flow 
tests, giving more confidence to the leaks location process. 

 

Table 7. Pipes with leaks and number of forecasts of leaky pipes in the final solution. 

 Situation 1 Situation 2 Situation 3 Situation 4 Situation 5 
Scen. 1 Scen. 2 Scen. 1 Scen. 2 Scen. 1 Scen. 2 Scen. 1 Scen. 2 Scen. 1 Scen. 2

Analysis 
based on 
pressure 

5 (6/50) 
25 (29/50) 
35 (50/50) 
37 (0/50) 

82 (50/50) 

5 (32/50) 
25 (39/50) 
35 (50/50) 
37 (50/50) 
82 (50/50) 

54 (15/50) 
55 (19/50) 
57 (6/50) 

74 (19/50) 
86 (33/50) 

54 (17/50) 
55 (17/50) 
57 (14/50) 
74 (13/50) 
86 (26/50) 

39 (0/50) 
41 (42/50) 
44 (50/50) 
69 (43/50) 
98 (46/50) 

39 (45/50) 
41 (45/50) 
44 (50/50) 
69 (45/50) 
98 (50/50) 

10 (13/50) 
30 (8/50) 

55 (21/50) 
75 (18/50) 
95 (45/50) 

10 (18/50) 
30 (5/50) 

55 (24/50) 
75 (18/50) 
95 (39/50) 

28 (50/50) 
44 (50/50) 
92 (50/50) 
96 (50/50) 
99 (50/50) 

28 (50/50) 
44 (50/50) 
92 (50/50) 
96 (50/50) 
99 (50/50)

Node 2 with  
15.0 L/s Fire 
flow 

5 (50/50) 
25 (50/50) 
35 (50/50) 
37 (50/50) 
82 (50/50) 

5 (47/50) 
25 (47/50) 
35 (50/50) 
37 (49/50) 
82 (50/50) 

54 (20/50) 
55 (32/50) 
57 (18/50) 
74 (36/50) 
86 (28/50) 

54 (12/50) 
55 (26/50) 
57 (8/50) 

74 (32/50) 
86 (48/50) 

39 (3/50) 
41 (0/50) 

44 (50/50) 
69 (44/50) 
98 (3/50)

39 (50/50) 
41 (50/50) 
44 (50/50) 
69 (50/50) 
98 (50/50)

10 (15/50) 
30 (1/50) 

55 (28/50) 
75 (30/50) 
95 (50/50) 

10 (39/50) 
30 (23/50) 
55 (43/50) 
75 (30/50) 
95 (46/50) 

28 (50/50) 
44 (50/50) 
92 (50/50) 
96 (50/50) 
99 (50/50) 

28 (50/50) 
44 (50/50) 
92 (50/50) 
96 (50/50) 
99 (50/50)

Node 9 with  
15.0 L/s Fire 
flow 

5 (2/50) 
25 (17/50) 
35 (50/50) 
37 (46/50) 
82 (50/50) 

5 (35/50) 
25 (41/50) 
35 (50/50) 
37 (50/50) 
82 (50/50) 

54 (18/50) 
55 (15/50) 
57 (19/50) 
74 (21/50) 
86 (33/50) 

54 (17/50) 
55 (22/50) 
57 (2/50) 

74 (17/50) 
86 (15/50) 

39 (0/50) 
41 (1/50) 

44 (50/50) 
69 (41/50) 
98 (10/50)

39 (50/50) 
41 (50/50) 
44 (50/50) 
69 (46/50) 
98 (50/50)

10 (12/50) 
30 (10/50) 
55 (50/50) 
75 (12/50) 
95 (50/50) 

10 (35/50) 
30 (18/50) 
55 (35/50) 
75 (20/50) 
95 (46/50) 

28 (50/50) 
44 (50/50) 
92 (50/50) 
96 (50/50) 
99 (50/50) 

28 (50/50) 
44 (50/50) 
92 (50/50) 
96 (50/50) 
99 (50/50)

Node 22 with 
15.0 L/s Fire 
flow 

5 (3/50) 
25 (10/50) 
35 (50/50) 
37 (10/50) 
82 (50/50) 

5 (28/50) 
25 (27/50) 
35 (50/50) 
37 (50/50) 
82 (50/50) 

54 (14/50) 
55 (8/50) 

57 (12/50) 
74 (28/50) 
86 (31/50) 

54 (9/50) 
55 (24/50) 
57 (5/50) 
74 (5/50) 

86 (27/50) 

39 (28/50) 
41 (28/50) 
44 (50/50) 
69 (29/50) 
98 (15/50)

39 (37/50) 
41 (36/50) 
44 (50/50) 
69 (39/50) 
98 (48/50)

10 (13/50) 
30 (7/50) 

55 (49/50) 
75 (0/50) 

95 (50/50) 

10 (39/50) 
30 (16/50) 
55 (27/50) 
75 (21/50) 
95 (47/50) 

28 (50/50) 
44 (50/50) 
92 (50/50) 
96 (50/50) 
99 (50/50) 

28 (50/50) 
44 (50/50) 
92 (50/50) 
96 (50/50) 
99 (50/50)

Node 33 with 
15.0 L/s Fire 
flow 

5 (34/50) 
25 (34/50) 
35 (50/50) 
37 (50/50) 
82 (50/50) 

5 (40/50) 
25 (38/50) 
35 (50/50) 
37 (50/50) 
82 (50/50) 

54 (24/50) 
55 (32/50) 
57 (19/50) 
74 (31/50) 
86 (46/50) 

54 (10/50) 
55 (11/50) 
57 (13/50) 
74 (21/50) 
86 (37/50) 

39 (50/50) 
41 (50/50) 
44 (50/50) 
69 (50/50) 
98 (50/50)

39 (50/50) 
41 (50/50) 
44 (50/50) 
69 (50/50) 
98 (50/50)

10 (36/50) 
30 (32/50) 
55 (36/50) 
75 (34/50) 
95 (47/50) 

10 (27/50) 
30 (11/50) 
55 (31/50) 
75 (15/50) 
95 (42/50) 

28 (50/50) 
44 (50/50) 
92 (50/50) 
96 (50/50) 
99 (50/50) 

28 (50/50) 
44 (50/50) 
92 (50/50) 
96 (50/50) 
99 (50/50)

Node 42 with 
15.0 L/s Fire 
flow 

5 (0/50) 
25 (22/50) 
35 (50/50) 
37 (13/50) 
82 (47/50) 

5 (28/50) 
25 (35/50) 
35 (50/50) 
37 (37/50) 
82 (50/50) 

54 (2/50) 
55 (10/50) 
57 (25/50) 
74 (26/50) 
86 (47/50) 

54 (19/50) 
55 (18/50) 
57 (25/50) 
74 (17/50) 
86 (29/50) 

39 (0/50) 
41 (28/50) 
44 (50/50) 
69 (45/50) 
98 (50/50) 

39 (50/50) 
41 (50/50) 
44 (50/50) 
69 (47/50) 
98 (50/50) 

10 (34/50) 
30 (12/50) 
55 (21/50) 
75 (11/50) 
95 (50/50) 

10 (45/50) 
30 (9/50) 

55 (16/50) 
75 (10/50) 
95 (48/50) 

28 (50/50) 
44 (50/50) 
92 (50/50) 
96 (50/50) 
99 (50/50) 

28 (50/50) 
44 (50/50) 
92 (50/50) 
96 (50/50) 
99 (50/50) 

Node 48 with 
15.0 L/s Fire 
flow 

5 (22/50) 
25 (24/50) 
35 (50/50) 
37 (50/50) 
82 (50/50) 

5 (44/50) 
25 (45/50) 
35 (50/50) 
37 (50/50) 
82 (50/50) 

54 (13/50) 
55 (13/50) 
57 (17/50) 
74 (27/50) 
86 (33/50) 

54 (23/50) 
55 (17/50) 
57 (9/50) 

74 (21/50) 
86 (25/50) 

39 (49/50) 
41 (49/50) 
44 (50/50) 
69 (49/50) 
98 (49/50)

39 (46/50) 
41 (46/50) 
44 (50/50) 
69 (45/50) 
98 (50/50)

10 (49/50) 
30 (0/50) 

55 (49/50) 
75 (0/50) 

95 (49/50) 

10 (26/50) 
30 (14/50) 
55 (31/50) 
75 (19/50) 
95 (44/50) 

28 (50/50) 
44 (50/50) 
92 (50/50) 
96 (50/50) 
99 (50/50) 

28 (50/50) 
44 (50/50) 
92 (50/50) 
96 (50/50) 
99 (50/50)

Node 60 with 
15.0 L/s Fire 
flow 

5 (19/50) 
25 (29/50) 
35 (50/50) 
37 (44/50) 
82 (50/50) 

5 (19/50) 
25 (24/50) 
35 (50/50) 
37 (48/50) 
82 (50/50) 

54 (20/50) 
55 (12/50) 
57 (7/50) 

74 (30/50) 
86 (25/50) 

54 (12/50) 
55 (23/50) 
57 (12/50) 
74 (16/50) 
86 (27/50) 

39 (25/50) 
41 (22/50) 
44 (50/50) 
69 (34/50) 
98 (45/50)

39 (15/50) 
41 (43/50) 
44 (50/50) 
69 (19/50) 
98 (50/50)

10 (40/50) 
30 (33/50) 
55 (38/50) 
75 (32/50) 
95 (41/50) 

10 (30/50) 
30 (13/50) 
55 (33/50) 
75 (18/50) 
95 (45/50) 

28 (49/50) 
44 (50/50) 
92 (50/50) 
96 (50/50) 
99 (50/50) 

28 (50/50) 
44 (50/50) 
92 (50/50) 
96 (50/50) 
99 (50/50)

Node 95 with 
15.0 L/s Fire 
flow 

5 (11/50) 
25 (30/50) 
35 (50/50) 
37 (32/50) 
82 (35/50) 

5 (39/50) 
25 (34/50) 
35 (50/50) 
37 (47/50) 
82 (50/50) 

54 (6/50) 
55 (23/50) 
57 (37/50) 
74 (11/50) 
86 (47/50) 

54 (13/50) 
55 (15/50) 
57 (5/50) 

74 (25/50) 
86 (13/50) 

39 (16/50) 
41 (16/50) 
44 (49/50) 
69 (18/50) 
98 (49/50)

39 (50/50) 
41 (50/50) 
44 (50/50) 
69 (48/50) 
98 (50/50)

10 (39/50) 
30 (0/50) 

55 (48/50) 
75 (40/50) 
95 (50/50) 

10 (38/50) 
30 (25/50) 
55 (43/50) 
75 (29/50) 
95 (49/50) 

28 (49/50) 
44 (50/50) 
92 (50/50) 
96 (50/50) 
99 (50/50) 

28 (50/50) 
44 (50/50) 
92 (50/50) 
96 (50/50) 
99 (50/50)

Node 13 with 
5.0 L/s 
Flushing flow 

5 (46/50) 
25 (47/50) 
35 (50/50) 
37 (50/50) 
82 (50/50) 

5 (42/50) 
25 (48/50) 
35 (50/50) 
37 (50/50) 
82 (50/50) 

54 (17/50) 
55 (29/50) 
57 (9/50) 

74 (30/50) 
86 (33/50) 

54 (24/50) 
55 (11/50) 
57 (5/50) 

74 (23/50) 
86 (28/50) 

39 (49/50) 
41 (47/50) 
44 (50/50) 
69 (47/50) 
98 (49/50)

39 (50/50) 
41 (49/50) 
44 (50/50) 
69 (49/50) 
98 (50/50)

10 (19/50) 
30 (20/50) 
55 (30/50) 
75 (27/50) 
95 (46/50) 

10 (14/50) 
30 (9/50) 

55 (17/50) 
75 (11/50) 
95 (40/50) 

28 (50/50) 
44 (50/50) 
92 (50/50) 
96 (50/50) 
99 (50/50) 

28 (50/50) 
44 (50/50) 
92 (50/50) 
96 (50/50) 
99 (50/50)

Node 13 with 
7.5 L/s 
Flushing flow 

5 (44/50) 
25 (46/50) 
35 (50/50) 
37 (45/50) 
82 (50/50) 

5 (41/50) 
25 (40/50) 
35 (50/50) 
37 (50/50) 
82 (50/50) 

54 (10/50) 
55 (25/50) 
57 (9/50) 

74 (39/50) 
86 (29/50)

54 (8/50) 
55 (27/50) 
57 (8/50) 

74 (10/50) 
86 (38/50)

39 (17/50) 
41 (23/50) 
44 (50/50) 
69 (6/50) 

98 (45/50)

39 (50/50) 
41 (50/50) 
44 (50/50) 
69 (50/50) 
98 (50/50)

10 (28/50) 
30 (15/50) 
55 (29/50) 
75 (20/50) 
95 (49/50)

10 (32/50) 
30 (14/50) 
55 (29/50) 
75 (16/50) 
95 (44/50) 

28 (50/50) 
44 (50/50) 
92 (50/50) 
96 (50/50) 
99 (50/50) 

28 (50/50) 
44 (50/50) 
92 (50/50) 
96 (50/50) 
99 (50/50)

 
Fire flow tests executed nearby a leaky pipe helped to identify it. The fire flows in nodes 2, 33 

and 48 helped in identifying the leaky pipes in situation 1 and the same occurred with fire flows in 
nodes 33 and 48 for situation 3. The fire flow in node 42, which is an end node of pipe 74, 
identified the scenario 2 for situation 3. Sometimes, a fire flow test executed in a node distant from 
leaky areas can help the identification of a leaky pipe, as for example the identification of scenario 2 
with the fire flow in node 9 in situation 3. 

Another attempt to increase the leak effect in node pressure was achieved with flushing tests at 
the end node of a remote branched 81 mm pipe. With this diameter the flushing test flow needed to 
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be less than 7.5 L/s to guarantee no negative pressures in the water distribution network. The results 
are presented in the last two rows in Table 7. In general, the leaks effects increased but not as much 
as they were amplified with the fire flows and, in some situations, the number of correct 
identifications did not guaranteed statistic relevance in the 50 runs. 

5. CONCLUSIONS 

This paper demonstrates the potential of leaks location with water distribution network models. 
The methodology presented here is based on a simulated annealing algorithm and hydraulic 
modelling, with the correct data gathering, and it can help in the identification of leaky pipes and 
estimation of the respective leakage flows. 

Despite the stochastic nature of the simulated annealing method and the sensors and the 
hydraulic simulation inaccuracies, the results were very consistent. Often the leaky pipes were 
correctly identified. 

The selection of the sensors placement has proved to be crucial. The correct knowledge of 
demand is very relevant and gives confidence to the results obtained with the hydraulic simulation 
model. To achieve this goal it is wise to evaluate the network behaviour during the lower night 
demand. Moreover, during this period, it is guaranteed a near maximum pressure over the entire 
water distribution network. 

The methodology was improved by introducing an additional (but controlled – fire flow and 
flushing tests) relevant demand which amplifies the head losses along the network, changing the 
nodes pressure and the flow distribution. Each of the fire flows introduced in a node showed, at 
least, the presence of the leaky pipes in one scenario of one specific situation. The fire flows (in 
nodes 2, 33 or 48) were able to help in the identification of leaky pipes in more scenarios than the 
fire flows in nodes 22 or 42. 

It was demonstrated that the flushing flows can also be helpful in identifying the leaks locations. 
The flushing flows of 5.0 L/s and 7.5 L/s were able to identify more leaky pipes than the ones 
obtained with the night demand flow but, even though, in some situations (2 and 4) the number of 
good solutions obtained in the 50 evaluations was not so encouraging. If more flushing tests were 
executed probably the number of good solutions obtained would increase. 

The results obtained highlight that the search for leaks in a water distribution network can be 
focused in a reduced number of pipes with a good level of confidence, instead of searching along 
the entire network.  

The use of the methodology presented here can contribute to reduce substantially the staff effort 
and the time needed to locate leaks. 

REFERENCES 

Kirkpatrick, S., Gelatt, C., Vecchi, M., 1983. Optimization by Simulated Annealing. Science, 220(4598): 671 – 680. 
Muranho, J., Ferreira, A., Sousa, J., Gomes, A., Sá Marques, A., 2012. WaterNetGen – an EPANET extension for automatic water 

distribution network models generation and pipe sizing. Water Science & Technology: Water Supply, IWA Publishing, 12(1): 
117-123. 

Pudar, R., LiggettI, J., 1992. Leaks in pipe networks. Journal of Hydraulic Engineering, 118(7): 1031 – 1046. 
Ribeiro, L., Muranho, J., Sousa, J., Sá Marques, J., 2012. Identificação de fugas através de modelação matemática de redes de 

distribuição de água. – 15º Encontro de Engenharia Sanitária e Ambiental, Évora. 
Sousa, J. J. O., 2006. Métodos de Apoio à Decisão para o Dimensionamento e a Operação de Sistemas de Abastecimento de Água. 

Dissertação apresentada na Faculdade de Ciências e Tecnologia da Universidade de Coimbra para obtenção do grau de Doutor em 
Engenharia Civil na especialidade de Hidráulica, Recursos Hídricos e Ambiente, Coimbra. 

Vítkovsky, J. P., Liggett J. A., Simpson, A. R., Lambert M. F., 2003. Optimal Measurement Site Locations for Inverse Transient 
Analysis in Pipe Networks. Journal of Water Resources Planning and Management, 129(6): 480-492. 

Wu, Z., Sage, P., 2006. Water loss detection via genetic algorithm optimization-based model calibration. 8th Annual International 
Symposium on Water Distribution System Analysis, Cincinnati, Ohio, August 27-30. 



Water Utility Journal 4 ሺ2012ሻ      11 

 

ANNEX  

Table A1. Node list with elevations (Z) and demands (Qc). 

Node Z (m) Qc (L/s) Node Z (m) Qc (L/s) Node Z (m) Qc (L/s) 

1 1000 0.014850 35 1001 0.029220 69 999.5 0.013330 

2 1000 0.045880 36 996 0.009640 70 1001 0.024090 

3 1009 0.008980 37 999 0.003790 71 1003 0.020600 

4 1005 0.017060 38 989 0.029160 72 1003 0.030940 

5 995 0.028940 39 995 0.013930 73 1000 0.018000 

6 1000 0.019070 40 1008.5 0.001780 74 998 0.019670 

7 1008 0.025050 41 1004.5 0.033660 75 1010 0.034300 

8 1005 0.015330 42 1003 0.022370 76 1013.5 0.020000 

9 1008 0.026730 43 997 0.000270 77 1004 0.040570 

10 1004 0.038130 44 998 0.006970 78 1001 0.003670 

11 992 0.018660 45 1008 0.035400 79 1011 0.022070 

12 993 0.017540 46 1006 0.009360 80 1008.5 0.038780 

13 1006 0.015490 47 1006 0.039140 81 1007 0.008320 

14 996 0.017480 48 991 0.033260 82 1002 0.008320 

15 1007 0.02540 49 999 0.009440 83 993 0.018870 

16 1007 0.018510 50 997 0.011450 84 999 0.029840 

17 1011 0.015820 51 1005 0.017780 85 1009 0.010220 

18 999 0.032180 52 1005 0.045650 86 1008.5 0.002840 

19 1003 0.029180 53 991 0.008660 87 1004 0.018080 

20 1007 0.025010 54 989 0.018760 88 998 0.025110 

21 1001 0.047980 55 1002 0.026200 89 1002 0.009340 

22 1010 0.030770 56 1002 0.044950 90 996 0.049030 

23 1010 0.010940 57 1006 0.036560 91 1003 0.025680 

24 1001 0.045160 58 1008 0.033670 92 999 0.038030 

25 1003 0.009220 59 1003 0.020150 93 1009 0.019600 

26 1011.5 0.032530 60 1000 0.033060 94 992 0.012720 

27 1004.5 0.016416 61 1004 0.015560 95 1007.5 0.034140 

28 1003 0.039880 62 1000 0.045960 96 987 0.034680 

29 1010 0.019450 63 1004 0.002080 97 1001 0.011480 

30 1003 0.008420 64 1003 0.029810 98 995 0.019730 

31 986 0.005420 65 1012.5 0.038810 99 998 0.009240 

32 1007 0.048860 66 1014 0.031840 100 1009 0.012790 

33 1007 0.036730 67 997 0.011010 101 1044 0.000000 

34 995 0.040940 68 1013 0.033330 
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Table A2. Pipe list with end nodes, lengths (L) and diameters (D). 

Pipe End 
Nodes 

L 
(m) 

D 
(mm)  Pipe End 

Nodes 
L 
(m) 

D 
(mm)  Pipe End 

Nodes 
L 
(m) 

D 
(mm) 

1 62 1 550.58 81 38 18 97 320.25 81 75 52 42 231.95 99 

2 2 73 542.66 81 39 19 56 546.16 99 76 42 70 387.54 81 

3 24 2 578.88 113 40 47 19 535.41 113 77 56 44 258.5 81 

4 2 64 579.14 81 41 20 47 440.51 145 78 45 79 509.48 81 

5 7 3 332.75 81 42 75 20 486.69 145 79 45 71 354.18 81 

6 4 93 270.13 99 43 21 77 341.42 81 80 89 46 193.85 145 

7 46 4 153.21 145 44 35 21 600.61 81 81 48 54 282.62 81 

8 4 8 208.86 113 45 57 21 836.67 81 82 64 49 350.00 81 

9 5 83 378.42 81 46 22 45 448.64 81 83 59 51 28.84 127 

10 11 5 327.76 163 47 47 22 475.06 99 84 83 53 321.08 81 

11 5 88 366.53 145 48 51 24 630.39 127 85 54 94 212.15 81 

12 6 50 424.53 81 49 36 25 251.14 99 86 61 55 367.14 81 

13 97 6 105.12 81 50 25 33 90.47 99 87 56 60 861.47 99 

14 70 6 177.20 81 51 26 76 335.93 81 88 64 57 175.87 81 

15 7 85 378.87 81 52 55 26 323.76 81 89 57 99 342.53 81 

16 22 7 216.98 81 53 65 26 546.06 81 90 87 58 248.09 81 

17 8 72 359.40 113 54 70 27 328.31 81 91 60 90 364.03 81 

18 9 23 405.49 81 55 27 55 280.18 81 92 98 62 349.78 81 

19 9 100 128.80 81 56 28 32 628.05 113 93 90 62 803.12 81 

20 93 9 456.5 99 57 28 59 617.92 145 94 87 63 76.92 81 

21 10 37 140.55 81 58 68 29 324.12 181 95 80 65 486.81 81 

22 10 77 588.36 81 59 54 31 200.80 81 96 65 76 405.60 81 

23 33 10 684.66 81 60 32 82 308.56 81 97 66 75 632.46 203 

24 68 11 363.79 163 61 32 52 874.42 99 98 66 68 547.65 226 

25 90 12 650.29 81 62 88 34 564.22 145 99 78 69 11.40 81 

26 77 13 574.23 81 63 34 38 399.16 113 100 71 92 409.59 81 

27 39 14 256.69 81 64 34 48 554.12 99 101 72 74 203.54 99 

28 14 43 9.90 81 65 69 35 482.69 81 102 72 91 584.11 81 

29 14 98 381.48 81 66 84 36 106.22 99 103 73 78 124.65 81 

30 15 30 312.19 81 67 38 96 285.39 113 104 75 89 152.27 145 

31 15 28 232.48 181 68 38 48 396.25 81 105 79 81 308.45 81 

32 29 15 397.02 181 69 94 39 259.51 81 106 80 86 105.32 81 

33 16 52 585.78 81 70 95 40 66.07 81 107 95 80 845.30 81 

34 59 16 100.18 81 71 41 95 354.27 99 108 100 87 345.25 81 

35 33 17 586.29 81 72 91 41 367.90 81 109 101 66 33.00 285 

36 24 18 464.69 81 73 74 41 525.52 99 110 96 84 1000.0 113 

37 18 67 408.01 81 74 42 61 209.67 81 111 58 92 1000.0 81 

 




