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Abstract

:

Taking care of water resources and minimizing water losses in water supply networks requires a broad approach to identifying and neutralizing operational problems. The correct selection of water meters to minimize apparent losses requires knowledge of the characteristic flows that may occur in the facility to which water is supplied. The research aimed to develop tools in the form of mathematical models and water consumption curves along with hourly water consumption coefficients to facilitate the process of selecting water meters for engineers and creating computer models of water supply systems. The research involved monitoring the flow of 76 single-family and multi-family buildings in four towns in Poland, followed by data analysis and development of tools supporting the selection of water meters and the construction of computer models of water distribution networks. High correlation coefficients of the studied variables indicate the results’ usefulness. Four models were developed to determine the maximum flow values in multi-family buildings (three models) and single-family buildings (one model) in the range of water meter diameters DN15-DN40. Characteristics of the average hourly peak coefficient (HPC) values were also developed, along with the range of changes in HPC values for single-family and multi-family buildings.
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1. Introduction


A water distribution system (WDS), as a set of facilities and devices ensuring the supply of water with appropriate qualitative and quantitative parameters for domestic, industrial and fire-fighting needs, is critical infrastructure for the proper and sustainable functioning of modern society [1]. Therefore, the optimal design, operation, and management of WDSs are the subject of numerous studies and analyses. Among them, optimal system management is of particular importance, including partitioning into district-metered areas (DMA) [2,3], the location of pressure-reducing valves (PRVs) [4], or the use of integrated tools connecting capital, operations, and supporting systems (workforce, customers, and stakeholders) [5].



The main component of a WDS is the water distribution network (WDN), consisting of water pipes that supply water to consumers. Each WDN is characterized by variability in terms of water supplies during the day. Most often, there are periods of increased (peak) water consumption during the day, e.g., the morning peak and evening peak, periods of minimal water consumption at night or even no water consumption at night and periods of average water consumption from morning to evening during the day [6]. The variability of water consumption applies not only to the day but also to individual days of the week or months. Water consumption depends on the number of inhabitants, the condition of the water distribution network, the type of settlement unit (town or village), and character (industrial agglomeration, service area, or tourist areas) [7]. The variability of water consumption affects many operational aspects:




	
The selection of pipe diameter for a water distribution network (WDN) [8,9];



	
The selection of water meter size for consumers [10];



	
Control characteristics and number of pump units [11,12,13];



	
The necessity to build field reservoirs [14].








For each hour of the day, we can determine the value of the hourly peak coefficient (HPC), also known as the non-uniformity index of water consumption [15].



Research conducted by the research office in Italy has shown that as the number of inhabitants of a settlement unit increases, HPC values decrease, and the range of obtained values narrows. For example, for towns with fewer than 500 inhabitants, the HPC value varies from 3.00 to 5.00, and for towns with more than 50,000 inhabitants, HPC values range from 2.00 to 2.50. The data were taken from 129 towns located in the Puglia region (Southern Italy) from 2008 to 2010. The data were recorded for about seven days in 3, 5, or 10 min intervals. Almost 85% of the population ranges between 1900 and 40,000 inhabitants. These studies demonstrated the validity of using water consumption measurement intervals from several seconds to several minutes and showed that as the number of inhabitants in the city decreases, the HPC increases [16].



Research conducted in Poland showed changes in the maximum HPC values from approximately 1.3 to 1.8 [17,18,19]. The study conducted in Poland, similar to the study from Italy, showed the validity of using water consumption measurement intervals from several seconds to several minutes and showed that as the number of inhabitants in a city decreases, the HPC increases.



Research carried out by Gwoździej-Mazur and Świętochowski for two rural water distribution networks in the Podlaskie Voivodeship in Poland allowed for the obtainment of daily curves for entire systems with HPC values from 0.00 to 2.00 during the period of maximum water consumption during the day. The average daily flow changes throughout the year from 0.65 for months with minimum water consumption in the settlement unit to 1.83, which was observed during the period of maximum water consumption by the residents [15].



Research conducted in Chihuahua City, Mexico, showed HPC changes from 0.07 to 1.64 [20]. Research conducted in Cracow, Poland, showed a maximum post-winter HPC of 1.77 [21].



It is worth noting that in most studies based on the analysis of measurements of actual water consumption in WDN, the obtained HPC values are lower than those given by the national or local design standards, which can be explained by the increasingly widespread water saving solutions used in sanitary fittings [22]. In most countries, the normative HPC value depends on the population (p) served by the water supply network, and mathematical models are based on an inverse power–law relationship applied to the p-value. For example, based on the German design guideline of DVGW-w410, HPC values should range from 5.5 for systems with p < 5000 to 2.2 for systems with p = 500,000–1,000,000. In turn, the guidelines of the Ministry of Environment of the Canadian province of Ontario, based on empirical relationships, provide values ranging from 4.30 for p = 500 to 3.00 for p = 3001–10,000 (exemplary values) [23]. In Poland, HPC values recommended in the past (but not currently in force) range from 3.5 for single-family buildings with incomplete sanitary facilities, through 2.5 for multi-family buildings and p = 10,000, to 1.8 for multi-family buildings and towns with p > 500,000 inhabitants [24].



The development of consumption curves and the values of maximum flows in a settlement unit is important and necessary during the construction of hydraulic models, which are used to develop network operation scenarios as well as for modernization and operation optimization [25]. An important process of building models is calibration based on recorded flow and pressure values. Measurement campaigns (field research) are time-consuming and require high costs. Sharing already developed values allows engineers to deliver useful computer models faster.



When caring for natural resources, especially drinking water resources, it is necessary to provide water sustainably. This involves, among other things, supplying water to consumers through a water distribution network with the lowest possible level of water losses. Water losses may occur as real losses—water leaks from the network into the ground or as apparent losses, i.e., related to the method of measuring water sold to customers [26]. Among the methods of minimizing apparent losses, there are issues with the selection of water meters and their measurement accuracy [10,27].



Selecting the correct size of water meters requires knowledge of the average expected water consumption during the day and the values of maximum and minimum flows that may occur in each facility. The maximum values are important so that the size of the water meter and its water flow capacity can ensure an uninterrupted water supply at maximum water consumption. On the other hand, the value of the minimum flow that the water meter can register must be lower than the expected minimum water consumption in the facility. Otherwise, the facility may consume water, but the consumption value will not be recorded, and thus, apparent losses will occur. The largest possible volume of water consumed by consumers in the building must be between q2 water meter and q3 (nominal value—definition from Directive 2014/32/EU [28]), where the accuracy of water meters is the highest, and thus, the apparent losses are minimized.



It is therefore justified to conduct research aimed at providing tools for engineers dealing with water meter management and the operation of the water distribution system in the form of mathematical models that facilitate the determination of maximum water flows in buildings and the determination of water consumption curves along with HPC coefficients to facilitate the design of hydraulic models and their subsequent calibration without performing costly measurement campaigns.




2. Materials and Methods


Field research was conducted on selected single-family and multi-family buildings in 4 towns in different parts of Poland (Figure 1). A single-family building is a detached building or a semi-detached, terraced or group building used to meet housing needs, constituting a structurally independent whole in which no more than two residential premises may be separated [29]. A building with a separate number of residential units greater than two units intended for collective accommodation is called a multi-family building. The towns had a population of 5300–6800 inhabitants. The towns belong to a group of urban areas with a tourist character. The research was conducted at different times of the year, both during periods of low water consumption and during the tourist season. Water meters in Poland are installed once every 5 years, and their size should be selected to ensure correct operation throughout the entire period of use of the water meter. The buildings included in the research are supplied with a continuous water supply system.



The buildings are supplied by municipal WDNs. House connections are equipped with water meters with various accuracy classes for measuring water volume. The research was carried out using measurement sets (Figure 2) consisting of water meters with metrological class R ≥ 160 for diameters from DN15 to DN40 and data recorders mounted directly to the water meter counter. The measurement resolution was set at an interval of every 15 min. Measurements were carried out continuously—24 h a day. The duration of observation of one object was a minimum of 14 days. The measurement interval was selected based on the author’s previous experience [15,30] and other literature data [16,31,32], as well as consideration of the measurement range of the data recorders and the resolution of the water meters—DN15-DN32 is 0.001 dm3 and DN40 is 0.01 dm3. Choosing too short an interval for recording data from the water meter leads to too many distorted measurements, and too long an interval period leads to a shallower daily consumption curve and a loss of the recorded maximum flow values in their actual value.



A total of 76 single-family buildings (DN15 and DN20 water meters—Figure 2(3)) and multi-family buildings (DN20-DN40—Figure 2(4) were tested. Technical characteristic of flow meters used in this research is presented in Table 1.



The analyses were carried out using the relationship between the average hourly flow and daily consumption and between the average maximum hourly flow and daily consumption. The median values of diameter and maximum flows were also taken into account.



When determining the peak hourly values, which were available in the literature, a general formula for the non-uniformity index was used [33]:


    N   t , a   =     Q   t , a       Q   t   a v g      



(1)




where: Nt,a is non-uniformity index, Qt,a is volume of water pumped into the WDN over time t, [m3/t], Qt avg is mean volume of water pumped into WDN over time t, [m3/t], t is unit of time, [month, day, hour] and a is discriminant of the maximum or minimum index for a given unit of time t.



Data collected in the field measurement campaign required some preliminary selection. Additionally, towns with significant touristic fluctuation and data characterized by abnormal water supply, probably due to special regulations carried out by the managing authority or affected by instrumental measuring errors, were excluded from the first analyses.




3. Results and Discussion


3.1. Results of Water Meter Monitoring


During field measurements, the following parameters were obtained:




	
Daily consumption values;



	
Flow values for the interval time = 15 min;



	
Maximum and minimum flow values during the day;



	
Maximum and minimum flow values in each hour.








Figure 3 shows graphs of recorded flow values for four selected single-family buildings during the day. The charts present 10 daily curves and a curve of the average hourly flow value for each hour. The curves presented reflect four types of water consumption in single-family buildings. Building 1 shows a daily consumption curve typical of single-family buildings where water is collected 24 h a day. This may be due to professional nature or lifestyle and household responsibilities. There is no visible regularity or repetition of residents’ behavior throughout the day or week. Building 2 shows a daily consumption curve typical of single-family buildings, whose inhabitants have a regular lifestyle during the day and week, with a visible peak in water consumption in the morning and evening, as well as increased water consumption during the lunch period. Building 3 shows a characteristic curve for a group of single-family buildings inhabited by single persons or elderly people with low water consumption needs. A very low flow is observed here, with an average value less than 0.020 m3/h. Building 4 shows a water consumption curve typical of literature data, which shows two increased water consumption periods: morning and evening peaks, as well as low or zero flow at night and average flows during the day.



Figure 4 shows graphs of recorded flow values for four selected multi-family buildings, whose consumption curves correspond to the characteristic types of water consumption observed during field measurements. Building 1 represents a group of multi-family buildings in which residents use water almost evenly around the clock. Water consumption curves during the day show characteristic increased water consumption in the morning, noon, and evening, but this consumption is not regular and repeatable every day. The averaged flow curve is characterized by increased and almost uniform water consumption from 7 a.m. to 10 p.m. Building 2 represents a group of multi-family buildings with water consumption during the day typical of multi-family buildings [34]. There are three periods of increased water consumption: morning, afternoon, and evening. The repeatability of both the consumption curves for single days and the average values over the measurement period is visible. It is also characteristic that the highest water consumption during the day is in the morning, around 8 a.m. However, the peak water consumption at lunch and in the evening is lower than in the morning. High water consumption during lunchtime will reduce the needs of residents in the evening. Building 3 represents a group of multi-family buildings with the most characteristic daily distribution curve. The two largest water consumptions are visible: in the morning and the evening. Additionally, increased water consumption is visible during lunch, but its value is much lower than water use in the morning and evening. Building 4 shows daily water consumption curves for a characteristic group of buildings in which internal installations are in poor technical condition (age of installations, quality of materials, failures of sanitary fittings). A flattening of the daily water consumption curve is visible, with individual periods of increased water consumption. These buildings are characterised by low water consumption by residents and high levels of water leakage.




3.2. Dependence of Characteristic Flows on Daily Water Consumption in the Building


The next step of the research was to analyze the relationship between the hourly flow values and the daily consumption values. Figure 5 presents the dependence of the value of the average hourly flow (AF) and the median of the average hourly flows (MF) on the daily water consumption (DWC) in multi-family buildings. The value of the correlation coefficient of MF concerning DWC is r = 0.9800.



Figure 6 presents the relationships between average maximum flow (AMF) concerning DWC and median maximum flow (MMF) concerning DWC in multi-family buildings. Two groups of objects and relationships between flow values and consumption are visible. The correlation coefficient for all objects when analyzing AMF versus DWC is r = 0.8087, and the correlation of MMF values to DWC is r = 0.7955.



Due to the high values of the correlation coefficient, a mathematical model for determining the AMF based on the DWC value was developed:


  A M F = 0.110 · D W C − 0.043   [  m 3  / h ]  



(2)







The average flow (AF) and median flow (MF) values are very close to each other. Due to the large distances of the observed values from the trend line, it was decided to separate both groups and evaluate them separately.



Figure 7 presents the AMF and MMF values relative to DWC in multi-family buildings for facilities above the trend line of all facilities. The correlation of AMF values with DWC was r = 0.9842. The correlation of MMF values with DWC was r = 0.9630.



Due to the high values of the correlation coefficient, a mathematical model was developed to determine the AMF based on the DWC value:


  A M F = 0.104 · D W C + 0.271   [  m 3  / h ]  



(3)







Figure 8 presents the AMF and MMF values relative to DWC in multi-family buildings for facilities below the trend line of all facilities. The correlation of AMF values with DWC was r = 0.9842. The correlation of MMF values with DWC was r = 0.9614.



Due to the high values of the correlation coefficient, a mathematical model was developed to determine the AMF based on the DWC value:


  A M F = 0.669 · D W C + 0.042   [  m 3  / h ]  



(4)







The correlation analysis of AMF and MMF values against DWC for all objects was close to the value of r = 0.80. In the individual groups of objects, this correlation increased to values above r = 0.96 in the case of the median and above 0.98 in the case of AMF.



The correlation results confirm the usefulness of the results obtained from multi-family buildings for further studies.



Figure 9 presents the dependence of the AF and MF on the daily water consumption in single-family buildings. The value of the correlation coefficient of MF concerning DWC is r = 0.9588, with a confidence of 0.95. The values of the median hourly flow deviate from the trend line as the daily consumption value increases. Single-family facilities with daily consumption of up to 0.4 m3/day constitute the majority of facilities (over 60%). This is typical for single-family buildings, which are usually inhabited by four people with a daily consumption of approximately 100 dm3/day/person [35,36,37].



Figure 10 presents a scatterplot of the average maximum hourly flow of daily water consumption in single-family buildings and the median value of the maximum flow of daily water consumption in single-family buildings. The correlation value of AMF concerning DWC is r = 0.9588 with a confidence of 0.95. The correlation value of MMF concerning DWC is r = 0.7434 with a confidence of 0.95.



Due to the high values of the correlation coefficient, a mathematical model was developed to determine the AMF based on the DWC value:


  A M F = 0.098 · D W C + 0.003   [  m 3  / h ]  



(5)







The obtained correlation results confirm the usefulness of the results obtained from single-family buildings for further studies.




3.3. The Hourly Peak Coefficient


The last stage of the research was to develop a common characteristic of daily water consumption and to determine the scope of HPC changes at particular hours of the day. Two characteristics were obtained: single-family buildings and multi-family buildings. Figure 11 presents the demand pattern for single-family properties. There are three periods of increased water consumption typical of single-family buildings: morning, lunchtime, and evening. The average HPC value varies from 0.18 at night to 1.80 at the time of maximum water consumption. Between 00:00 and 05:00 and from 15:00 to 16:00, HPC values change the least in individual facilities. The greatest changes in the HPC value occur at 1:00 p.m., where the HPC varies from 0.60 to over 2.40. Depending on the building, the consumption curve is then characterized by two or three periods of maximum water consumption. Another hour with very high variability is 9:00 p.m., where HPC changes range from 0.8 to over 2.0 AF values. Large changes also occur at 6:00 a.m., 7:00 a.m., 6:00 p.m., and 8:00 p.m., where the differences between HPC min. given hour and the HPC max is over 1.0. The HPC values at individual hours of the day in the examined facilities differ by more than ±40% compared to the HPC av for a given hour.



Figure 12 presents the demand pattern for multi-family buildings. There are two periods of increased water consumption typical of multi-family buildings: morning and evening. The average HPC value varies from 0.15 at night to 1.60 at the time of maximum water consumption. Variable average HPC values are lower than HPC values for single-family housing. In the hours from 02:00 to 05:00, HPCs change the least in individual facilities. The greatest changes in the HPC value occur at 9:00 p.m., where the HPC varies from 1.07 to over 1.49. The next hours with high variability are 08:00 and 09:00, where the HPC changes are 0.36 and 0.37 of the AF value, respectively. HPC values for individual hours in all facilities do not differ from the HPC avg by more than ±22%, and for most hours, they do not differ by more than ±10%.



The HPC values estimated on the basis of the measurements performed for both single-family buildings (average 1.80) and multi-family buildings (average 1.60) are much lower than the values given in the Polish design guidelines (3.5—single-family buildings, 1.8 to 2.5—multi-family buildings), which is also consistent with the results of other studies described in the Introduction section.





4. Conclusions


The authors conducted field tests of single-family and multi-family buildings in the field of monitoring water consumption and characteristics of water consumption during the day. Analyses of the relationship between AF, MF, AMF, and MMF about DWC were carried out, and four mathematical models were obtained to determine the maximum flow value based on the expected daily consumption in the building: one model for single-family buildings and three models for multi-family buildings.



These models can support the process of selecting water meters in single-family and multi-family buildings in the diameter range of DN15-DN40.



As part of the HPC analysis, two characteristics of variations in water consumption during the day were obtained for multi-family buildings and single-family buildings. The obtained characteristics can be used for



	
The process of selecting water meters by determining the expected minimum and maximum flows during the day depending on the average daily flow;



	
The characteristics can be used for the process of building hydraulic models of water distribution systems and for calibrating the models, indicating the scope of HPC modifications for facilities.






The values of HPC indicators are comparable to the literature values achieved in other studies in Poland and Italy, as well as Mexico.



The research and analyses carried out and the results obtained in the form of formulas and characteristics demonstrate scientific and implementation value, supporting engineers responsible for water meters management and optimization and modernization works of the water supply system.



The research conducted by the authors concerns continuous water supply systems. There are no intermittent water supply systems in Poland. Carrying out research for an intermittent water supply system would be an interesting experience and would develop the topic of determining consumption curves and selecting appropriate measurement arrangements.
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Figure 1. The figure shows the locations of the research facilities (towns). 






Figure 1. The figure shows the locations of the research facilities (towns).
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Figure 2. The figure shows photos of the field research: (1). measuring sets ready for installation; (2). a measuring set installed on the connection of a single-family house; (3). a measuring set—water meter DN20 mounted on the connection of a multi-family house; (4). a measuring set—water meter DN40 mounted on the connection of a multi-family house. 






Figure 2. The figure shows photos of the field research: (1). measuring sets ready for installation; (2). a measuring set installed on the connection of a single-family house; (3). a measuring set—water meter DN20 mounted on the connection of a multi-family house; (4). a measuring set—water meter DN40 mounted on the connection of a multi-family house.
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Figure 3. The figure contains graphs showing the obtained water consumption curves on individual test days for sample single-family buildings. 
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Figure 4. The figure contains graphs showing the obtained water consumption curves on individual test days for sample multi-family buildings. 






Figure 4. The figure contains graphs showing the obtained water consumption curves on individual test days for sample multi-family buildings.



[image: Water 16 01077 g004]







[image: Water 16 01077 g005] 





Figure 5. The figure shows a scatter chart of the average hourly flow values and the median flow values against daily water consumption in multi-family buildings. 
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Figure 6. The figure shows a scatter chart of the value of the average maximum hourly flow against the daily water consumption in multi-family buildings and the value of the median maximum flow against the daily water consumption in multi-family buildings—all facilities. 
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Figure 7. The figure shows a scatterplot of the average maximum hourly flow values against daily water consumption in multi-family buildings and the median maximum flow values against daily water consumption in multi-family buildings above the trend lines. 






Figure 7. The figure shows a scatterplot of the average maximum hourly flow values against daily water consumption in multi-family buildings and the median maximum flow values against daily water consumption in multi-family buildings above the trend lines.
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Figure 8. The figure shows a scatterplot of the average maximum hourly flow about daily water consumption in multi-family buildings and the median value of maximum flow about daily water consumption in multi-family buildings below the trend lines. 
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Figure 9. The figure shows a scatter chart of average hourly flow values against daily water consumption in single-family buildings and median flow values against daily water consumption in single-family buildings. 
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Figure 10. The figure shows a scatter chart of the value of the average maximum hourly flow against the daily water consumption in single-family buildings and the value of the median maximum flow against the daily water consumption in single-family buildings. 
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Figure 11. The figure shows the daily distribution curve in single-family buildings and the range of the peak hourly coefficient values in each hour. 
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Figure 12. The figure shows the daily distribution curve in multi-family buildings and the range of the peak hourly coefficient values in each hour. 
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Table 1. The table shows the ranges of flow meters used in the field study for single-family buildings and multi-family buildings.
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DN [mm]

	
Qstart [m3/h]

	
Q1 [m3/h]

	
Q2 [m3/h]

	
Q3 [m3/h]

	
Q4 [m3/h]






	
Single-Family Bulidings




	
15

	
0.003

	
0.0156

	
0.250

	
2.500

	
3.100




	
20

	
0.005

	
0.0250

	
0.040

	
4.000

	
5.000




	
Multi-Family Bulidings




	
20

	
0.005

	
0.0250

	
0.040

	
4.000

	
5.000




	
25

	
0.010

	
0.0394

	
0.063

	
6.300

	
7.800




	
32

	
0.012

	
0.0625

	
0.100

	
10.000

	
12.500




	
40

	
0.013

	
0.1000

	
0.160

	
16.000

	
20.000
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