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ABSTRACT 

This research work aims at the analysis and assessment of current design practice for domestic water 

supply systems, based on pressure and flow rate measurements and on mathematical modelling.  

Firstly, the problem is contextualized and the objectives and methodology are defined. An extensive 

the state of the art review is carried out regarding not only the Portuguese standards, but also several 

other existing design guidelines for water supply networks in buildings. Furthermore, other studies and 

national programmes, which aimed at the efficient use of water in the urban sector are referenced, 

allowing the analysis of the water consumption patterns in Portugal. This section includes the design 

and verification of the hydraulic conditions of the domestic hot and cold water networks (applied to a 

real life case study), accordingly to the guidelines imposed by Portuguese standards.  

Secondly, the current practice regarding the design of domestic water distributions networks is 

assessed, through a series of flow rate and pressure measurements, which were carried out for a wide 

range of manoeuvres in the domestic water devices. Two independent mathematical models for cold 

and hot water networks, respectively, have been built using the hydraulic simulator EPANET. These 

were calibrated and validated using the experimental data. The assessment of current design practice 

is based on the comparison between the results obtained in the first section with the actual values 

observed in the measurements and with the results obtained through a series of simulations, 

considering various consumption scenarios. Conclusions are drawn from this comparative work. 

Recommendations for design improvement are presented based on the results obtained. 

Keywords : building water networks, water supply, domestic consumption, simulation model. 

1. INTRODUCTION 

Domestic water distribution systems in buildings are motivated by the need to supply households with 

potable water for domestic consumption, provided by the public network, with proper comfort and 

quality. This is accomplished in regard to the existing hydraulic technical criteria, either established by 

the legislation or by other rules of engineering practice. In this context, parameters exist that may 

influence the desired comfort and quality levels, in which case it is of utmost importance to know the 

available pressure provided by the public network. 

The aim of this research work consists of the assessment of the existing Portuguese standards for the 

water supply systems in buildings in terms of the design parameters, based in in situ data collection 

and mathematical modelling. It is intended that this work may provide further insight on the subject, 

leading to an improved efficiency and efficacy of the domestic water supply. 

2. STATE-OF-THE-ART 

An extensive the state of the art review is carried out regarding not only the Portuguese standards, but 

also several other existing design guidelines for water supply networks in buildings. The most relevant 
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documents that establish criteria for the design of water supply systems in Portugal are: the 

Portuguese standards - “Decreto Regulamentar de 23 de Agosto de 1995” (D.R.23/95, 1995): 

guidelines for the design of water and wastewater systems in buildings edited by The National 

Laboratory of Civil Engineering - LNEC (Pedroso, 1993; 2004); and guidelines for the design of water 

distribution systems in buildings edited by Lisbon water utility - EPAL, SA. (EPAL, 2005). The latter 

documents are typically used whenever the Portuguese standards are unclear. 

In general, the existing design guidelines establish minimum flow rates in household appliances and 

uses that should be guaranteed with a minimum pressure as well as that should verify the comfort 

velocities inside the network. The service values for domestic use are limited between 50 and 600 kPa, 

in terms of pressure, and between 0,5 and 2 m/s in terms of velocity (Baptista, 1994). 

A national research programme for the efficient use of water  (LNEC and ISA, 2001; Almeida et al., 

2006) has been carried our. Its objective is assessment of water uses efficiency in Portugal in the 

agricultural, industrial and urban sectors(Almeida et al., 2001). Regarding household water uses, 

PNUEA (2001) proposes guidelines towards a water consumption reduction are presented. 

3. HOUSEHOLD NETWORK DESIGN 

The procedure to design a water domestic network consist of a two-step procedure: (i) the pipe 

diameter calculation for established minimum flow rates and a maximum velocity (2 m/s) and (ii) the 

verification of maximum and minimum pressures for design conditions. Step (i) was carried out 

considering four different criteria regarding the calculation of design minimum flow rates and the 

comfort levels: the first criterion (Criterion I) is the one presented by Pedroso (2004), while the 

remaining criteria (Criteria II, III and IV) are established in the Portuguese standards (D.R.23/95, 1995).  

Household networks used as a case study are presented in Fig. 1. The networks were designed by 

using Criteria I to IV (Step i); it was observed that the nominal diameters obtained in design, regardless 

of the criterion considered, increased with the comfort level and that existing diameters in the cold and 

hot water networks are inferior to those calculated for any of the criteria (Baeta, 2007). Design results 

obtained by Criterion I, according to network schemes depicted in Fig. 2, are presented in Table 1.  
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Fig. 1 - Cold (left side) and hot (right side) water networks (Baeta, 2007) 

 
 

Fig. 2 -  Schematic configuration of cold (left side) and hot (right side) water networks (Baeta, 2007) 

Table 1 - Design results of household network obtained by Criterion I 

Branch i N Qi (l/s) 
Qx  

(l/s) 
Dx mm 

DN 
(mm) 

Thikness  
(Class 2,0 MPa)   

[mm] (Sharp and 
Theng, 1987) 

Dinterior_mediium   
[mm] 

Vx  

[m/s] 
J  L[m] 

∆Hcont  
[m] 

4.4 1 0,25 0,250 12,616 20 [2,8; 3,3] 13,9 1,65 0,01001 2,76 0,028 

4.3 1 0,10 0,100 7,9790 12 [1,8; 2,0] 8,20 1,99 0,01867 2,34 0,044 

4.2 1 0,10 0,100 7,9790 12 [1,8; 2,0] 8,20 1,99 0,01867 2,00 0,037 

4.1 1 0,10 0,100 7,9790 12 [1,8; 2,0] 8,20 1,99 0,01867 0,52 0,010 

4 4 0,55 0,318 14,218 25 [3,5; 4,1] 17,4 1,34 0,00613 7,42 0,042 

3.4 1 0,25 0,250 12,616 20 [2,8; 3,3] 13,9 1,65 0,01001 2,76 0,028 

3.3 1 0,10 0,100 7,9790 12 [1,8; 2,0] 8,20 1,99 0,01867 2,00 0,037 

3.2 1 0,10 0,100 7,9790 12 [1,8; 2,0] 8,20 1,99 0,01867 1,42 0,026 

3.1 1 0,10 0,100 7,9790 12 [1,8; 2,0] 8,20 1,99 0,01867 0,52 0,010 

3 4 0,55 0,318 14,218 25 [3,5; 4,1] 17,4 1,34 0,00613 6,81 0,045 

2.4 1 0,20 0,200 11,284 20 [2,8; 3,3] 13,9 1,32 0,00672 4,54 0,030 

2.3 1 0,20 0,200 11,284 20 [2,8; 3,3] 13,9 1,32 0,00672 2,33 0,016 

2.2 1 0,15 0,150 9,7720 16 [2,2; 2,7] 11,1 1,55 0,01009 3,53 0,036 

2.1 7 1,10 0,449 16,908 25 [3,5; 4,1] 17,4 1,89 0,01138 2,78 0,032 

1 11 1,65 0,522 18,226 32 [4,4; 5,1] 22,5 1,31 0,00520 9,63 0,050 
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Step (ii) consisted of pressure verification in the hydraulically most unfavourable water domestic device 

(i.e., the shower of the private toilet for the hot water network). Local head losses in pipes were 

assumed to be 20% of continuous head losses and the boiler local head losses were considered equal 

to 10 m. For a minimum pressure of 5 m in the above referred device, for the stated headlosses 

assumptions and for a 10-level building, the minimum pressure in the water distribution network is 54 

m (lower than the observed 66 m). 

4.  DATA COLLECTION PROGRAMME 

The data collection programme was carried out using a data acquisition system composed of two 

strain gauge type pressure transducers (Wika, 0,25% accuracy of full scale 25 bar), an acquisition 

board Picoscope 300 series with four input channels and a laptop computer. Flow rate was measured 

by a volumetric method. Pressure was measured at different section of the network (i.e., at the kitchen 

tap and at the toilets’ small sink tap).  

Steady state and transient tests were carried out by opening and closing different household devices 

with simple manoeuvres (opening/closing of an unique device) and simultaneous manoeuvres (16 

tests in total). Available hydrostatic pressure at the apartment level was, on average, 39 m. Observed 

head losses varied between 2 and 6 m in the cold water network, and 15 and 35 m for the hot water 

network. The latter head losses were higher due to the boiled.  

Extremely high transient pressures (up to 135 m) were observed after the devices closure in the cold 

water network, but that were rapidly dissipated in less than 2 s due to the viscoelastic properties of the 

polyethylene pipes (Covas et al., 2004; 2005).  

Examples of transient tests carried out are presented in Fig. 3. In the hot water network, a sudden 

pressure drop was observed in the pressure measurement corresponding to the head loss in the boiler 

introduced by the operation of the flow control valve (see Fig. 3). 

 

                   

Fig. 3 –  Transient pressure data collected in the hot water network - Test 2  (left side) and  

in the cold water net – Test 8 (right side) (Baeta, 2007) 
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5. MATHEMATICAL MODELLING 

Two independent mathematical models have been developed for the hot and the cold domestic water 

supply networks using the hydraulic simulator EPANET (Rossman, 2000; 2002), taking into account 

the network characteristics (i.e., pipe diameters, materials, lengths, flow rate, etc.).  

These models have been calibrated using collected steady state pressure and flow data for 

manoeuvres in single devices, which allowed  obtaining robust and trustworthy mathematical models 

for representing the behaviour of the systems (Fig. 4).  

  

Fig. 4 – Mathematical models: cold water network (at left side) and hot 

water network (at the right side) (Baeta, 2007). 

Calibration of the cold water system consisted of the estimation of the equivalent length of pipes Tub_3 

and Tub_4 in order to take into account local head losses and uncertainties in the actual length of 

pipes. Results are presented in Table 2. Calibration of hot water systems consisted of the 

determination of the local head loss in the boiler (i.e., pipe Tub_16): this coefficient was 150 for the use 

of the toilet sink tap and 250 for the shower, due to the existence of a flow control valve in the boiler. 
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Branch 
Initial 
node 

Final 
node 

Equivalent 
length 

(m) 

Hazen-
Williams 

Coefficient 

( m0,37s-1) 

Internal 
Diameter 

[mm] 

Tub_1 RES1 Nó_1 0,10 1000 

Tub_2 Nó_1 Nó_4 4,3 11 

Tub_3 Nó_1 Nó_2 6,6 11 

Tub_4 Nó_1 Nó_3 9,3 11 

Tub_5 Nó_1 Nó_5 4,5 8 

Tub_6 Nó_1 Nó_6 5,2 8 

Tub_7 Nó_1 Nó_7 6,7 8 

Tub_8 Nó_2 Nó_8 0,8 8 

Tub_9 Nó_2 Nó_9 1,5 8 

Tub_10 Nó_2 Nó_10 2,6 8 

Tub_11 Nó_2 Nó_11 3,5 11 

Tub_12 Nó_3 Nó_12 0,8 8 

Tub_13 Nó_3 Nó_13 1,5 8 

Tub_14 Nó_3 Nó_14 2,6 8 

Tub_15 Nó_3 Nó_15 3,5 

150 
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Table 2 - Equivalent length, Hazen-Williams coefficient and internal diameter for calibrated networks (Baeta, 

2007) 

The validation of the cold water model was carried out using tests for simultaneous manoeuvres in 

different devices. Absolute errors lower than 0.35 m and relative errors lower than 3,6% were obtained 

which indicated that the model was adequately calibrated.  

In the hot water supply network, it was not possible to validate the mathematical model as the head 

loss coefficient was variable and dependent on the flow rate in the devices. Fig. 5 shows the variation 

of the head loss coefficient and of local head loss in the boiler with the flow rate. Results have shown 

that the flow rate is almost constant (ca. 0.135 l/s), except for the test with the simultaneous use of five 

devices. This is because the boiler has a flow control valve that maintains the flow rate equal to the set 

flow. For high consumption scenarios (five devices), the valve does not operate as it requires a 

minimum operating pressure at downstream.    

       
Fig. 5 – Flow rate versus local head loss coefficient and versus local head loss in the boiler (Baeta, 2007) 

Local head loss coefficient in the boiler k (-)          Local head loss in the boiler DHloc (m) 

5 devices 

2devices 2 devices 

5 devices 

Shower sink Sink Shower sink 

Sink 



8 

6. ASSESSMENT OF CURRENT PRACTICE 

The assessment  of current design practice of domestic water  supply systems was divided in two 
parts: (i) comparison between the project parameters and the measured values for both cold and hot 
water networks; and (ii) a comparison between the project values and those resulting of the simulations 
using the calibrated mathematical model. 

Comparison between the project parameters and the measured values     

The results observed in these comparisons were the following: 

� Existing pipe diameters are, in general, lower or equal than the design diameters. 

� Measured flow rates in the household devices are, in general, higher than the minimum flows 

established in the Portuguese standards. 

� Measured flow rates in hot water network are lower than the measured ones in cold water 

system due the flow control valve in the boiler as well as the local head losses created by the 

boiler. As a consequence, available pressure in the former is lower. 

� Local head losses are, on average, 30% of the continuous head losses in pipes. 

� Maximum head losses are observed in the hot  water network, being the higher value reached 

equal to 31,1 m. 

Comparison between the project parameters and the results of simulations     

For the comparison of the project parameters with results of simulations, four simulations were carried 

out using calibrated mathematical models (two for each of model). First, for the cold water network, it 

was assumed that in the existing nodes had the minimum flow established by Portuguese standards, 

afterwards, the pipe diameters were changed according to the design project and the model was run. 

Results of both simulations for cold water networks are presented in Fig. 6. Existing cold network has 

shown to have velocities higher than maximum allowed (2 m/s), however minimum pressures (5 m) 

were guarantee. The use of design diameter decreased the pipe velocities to values under 2 m/s. 
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Fig. 6 – Simulation results obtained by the cold water model, in terms of pressures at nodes and velocities in 

pipes, for existing (on the right side) and for design diameters (at the left side) (Baeta, 2007) 

This process was repeated, in the exactly same way, for the hot water network. Results of both 

simulations for hot water networks are presented in Fig. 7. When compared to Portuguese standards, 

high velocities were observed and the minimum flow rate were not guarantied (due to the occurrence 

negative pressures). To guarantee the flow and the desirable pressure, it would be necessary to 

increase the diameters of the pipes for the values obtained in the design project. In these 

circumstances, the velocities in the pipes would be less than 2 m/s and the pressures in the 

consumption devices would be always above 5 mc.a. for comfort conditions. Additionally, it is 

recommended that a larger boiler is installed with a minimum capacity of 14 l/min to satisfy the 

pressure needs and minimum flow rates. 

 

Fig. 7 – Simulation results obtained by the hot water model, in terms of pressures at nodes and velocities in 

pipes, for existing (on the right side) and for design diameters (at the left side) (Baeta, 2007) 
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7. CONCLUSIONS 

Portuguese standards (DR 23/95, 1995) establish criteria for the design projects of domestic water 

supply networks limiting the pipe velocities (0.5 and 2 m/s) and pressures (5 and 60 m). Additional 

guidelines have been developed (LNEC; ISA, 2001; EPAL, 2005b) to complement the Portuguese 

standards in other important aspects (e.g., materials used, devices, etc.).  

Measurements carried out in the existing domestic network showed that extremely high transient 

pressures occur inside the pipes due to device fast manoeuvres, with maximum values in the order of 

134 m; higher pressures than those can occur near the manoeuvred device, particularly for higher flow. 

It’s recommended that the safety rules are followed and the pressure classes of materials respected.  

The calibration of the mathematical model of the cold water network enabled to obtain the average 

global value for the equivalent pipe length equal to 1.5 times the length measured in straight line. This 

is due to local head losses and geometrical uncertainties of pipes (Pedroso, 2004). In this context, it is 

recommended to considered local head losses between 30 and 50% of continuous head losses. 

The calibration of the hot water model, considering the same equivalent pipe lengths obtained for the 

cold water model, allowed the calculation of the loss coefficient. Calibration has shown that this 

coefficient was ca. 150 (for the use of simultaneous devices) and varied between 150 and 350 

depending on the maximum flow rate of the device (for the use of one single device) . 

The hydraulic behaviour of the boiler can be described by a flow control valve and a local head loss. 

This head loss will describe all of the continuous and local losses in the boiler. Either considering the 

use of one or two devices, the flow control valve works in a standard way (active state - the flow is 

equal to the valve setting flow), and for the use of two or more devices, the valve is totally opened 

(passive state - the flow is equal to the boiler maximum capacity). 

The comparison between the simulation models and the measurements has shown that the existing 

network does not meet maximum velocities and minimum pressures. For the design projects like this 

one, it is possible to improve the efficiency in the consumption and the quality of this type of design 

project.  

The following future works could be carried out: additional data collection programmes measuring 

simultaneously flow and pressure in the same device; analysis of other domestic networks made of 

different materials (e.g., iron); and the analysis of the potential water savings achieved with different 

actions recommended in the national programme of efficient water use (PNUEA; 201) (i.e. more 

efficient devices and machines, flow reducers in some devices).  
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